tat mah ant 
pit eo 








JOURNAL 


of the 


AMERICAN CONCRETE 
INSTITUTE 


(ACI PROCEEDINGS Vol. 51) 


Vel. 26 June 1955 No, 10 


CONTENTS 


Papers and Reports 961-1060 


Structural Model Studies of Concrete Slab Foundations... 
DESMONI 
M. LEMCOE 


Design and Control of Municipal Paving Concrete....... 
RT A. BURMEISTER 977 


Tobermorite and Related Phases in the System 
CaO-SiO-H,O ( GE L. KALOUSEK 989 


Stability of Reinforced Concrete Retaining Walls and 
Abutments RE JMAN 1013 


Precast Prestressed Lightweight Concrete Construction 
ARTHUR M. JAMI 1025 


Strength of Continuous ~~ epg Concrete Beams Under 
Static and Repeated Loads. . cea oes Y. LIN 1037 


Letters from Readers 1061-1064 


Penne Camerel® CORN... 0000s ccccccesccceces ' 1061 


Current Reviews 1065-1080 


List of Periodicals Reviewed Regularly Peasrh aon 1076 


News Letter 


0 eet ote Lands ond tn ontcden eakatbindes 


ADDRESS: 18263 W. McNICHOLS RD., DETROIT 19, MICH. 


Raita eats oss: he Pas ge 





$1.50 per copy 
Extra copies to ACI Members $1.00 


flat ia has on A SY Sg 539 


” 
4 
if 
ay 
2 
4 

4 
; 
4 


doe rete 





R for a Watienwtte 


Concrete Provides Time—and 
Money Saving Solution for 
Critical School Shortage 


@ Concrete provides utmost value in attractive, durable, fire-safe school 
construction. Such is concrete’s flexibility that it is possible to meet almost 
any school-building budget and assure a structure of highest quality from 
every standpoint. 


Here, for example, is the ultimate in concrete prefabrication—the Ger- 
trude C. Falwell School, Mt. Holly Twp., N. J. 


Formigli Architectural Stone Co., Williamstown Jct., N. J., supplied pre- 
cast long-span channel slabs, precast columns, joists, spandrels, roof units, 
sunshades, all factory-made, quality-controlled, fabricated to closest toler- 
ances for fast erection with minimum supervision . . . quality concrete 
elements produced at assembly-line speed—and economy—with ‘Incor’* 
24-Hour Cement. 


One of many new schools, built with Lone Star Cements, providing the 
finest in modern construction, at minimum cost, initially and through the 
years. 


LONE STAR CEMENT CORPORATION 


Offices: ABILENE, TEX. . ALBANY, NY. BETHLEHEM, PA. . BIRMINGHAM . BOSTON . CHICAGO - DALLAS - HOUSTON 
INDIANAPOLIS - KANSAS CITY, MO. - NEW ORLEANS - NEW YORK - NORFOLK - RICHMOND . WASHINGTON, D C 
LONE STAR CEMENT, WITH ITS SUBSIDIARIES, IS ONE OF THE WORLD'S LARGEST 
CEMENT PRODUCERS: 18 MODERN MILLS, 141,600,000 SACKS ANNUAL CAPACITY 
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Contributions to the Journal 

The ACI JourNnaL technical pages are a 
medium for reporting what is of current interest 
in the conerete field: in research design Con 
struction, maimtenance, or manufacturing. Mem 
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as a means of sharing knowledge and experience ; 
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the old. Contributions deseribing new materials 
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Title No. 51-48 


Structural Model Studies of Concrete Slab 
Foundations 


SYNOPSIS 


The theory of dimensional analysis was ipplied to the de sigeti 
concrete structural models of small home foundation slab 
fabricating satisfactory models were developed Stith statin 
ments are reported on six different designs of the same cost and 
full-scale foundations were tested corresponding to a 


designs, and model and full-scale results are compared 


INTRODUCTION 


Throughout the southwestern states, particularly Pexas Arkansas 
Colorado, and New Mexico, unstable soil conditions are pre alent which 
constitute a severe problem with regard to the foundations of permanent 
buildings. The reasons for this instability are not thoroughly understood 
and some study is being given to the problem by various agencies.'“*  Suffies 
it to say that samples of soil exhibit a marked tendency to swell as the moisture 
content increases and to shrink upon drying 

When solid rock is available at a reasonable depth beneath the surface 
it may be used to support the foundation; however in many places this is 
not possible, and the foundation must be laid on the oil itselt 

During the past decade monolithic slab foundations have been de eloped 
which virtually “float” on top of the soil. When the soil under the foundation 
heaves or settles in an irregular manner, it subjects the slab to bending and 
torsion in much the same way as a ship’s hull is stressed by the waves of the 
ocean. If the slab is stiff enough, it will maintain its shape and protect the 
structure of the house from warpage and cracks Hlowever, due to the great 
weights involved (a typical slab usually weighs several times as much as the 
house itself), slab stiffness becomes the most important single parameter in 
the design of this type foundation 

Many different designs have been tried with varying degrees of succes 
Qne in particular has been approved for use in homes insured by the FHA 
and it has become almost a standard. This slab incorporates a perimetes 

*Received by the Instit 
Cancun Dammann Ta 
Discussion (copies in triplicate 
Rd., Detroit 19, Mic! 

tSenior Scientist VMiechanics 
Texas 


~Member American ¢ 
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beam with secondary internal beams which are covered with a relatively 


thin floor. For convenience, this design will be referred to as the “conventional 
slab,” and it has been used as a standard of comparison during the work 
reported herewith 

Late in 1950 4 program was established at the Southwest Research Institute 
to develop an alternate slab design which would result in a foundation having 
yreater stillness than was possible with the conventional slab but at no 
increased cost 

Due to the inherent difficulties and high cost of building and testing full 
scale foundations with controlled loading conditions and realistic measure 
ments, it was decided to make use of the theories of dimensional analysis 
and carry out the program On a model scale in the laboratory where uniform 
conditions could be achieved 

It can be seen that there are an infinite number of possible loading distri 
butions which may arise under a slab on unstable soil To reduce the pro 
yram to a practical scope, three arbitrary loading conditions were devised 
which would represent extremes and which could be combined to approximate 
any condition that might he experienced In practice These are described 
under “Model Studies,” p. 966 

Coimeident with the Southwest Research Institute program, the Portland 
Cement Assn. was also making elevation measurements on the foundations 
of several newly-built homes in the San Antonio area. Of the five houses 
built, only one showed any settlement below the initial elevation That one 
was constructed on a one year old poorly compacted fill of from 4 to 7 ft 
deep. After a few months it, too, started to rise. All five houses have slowly 
risen almost without regard to weather conditions The maximum movement 
to date is about 7°, in. The average movement is between 2!5 to 3 in. This 
clearly indicates an instability due to varying differential reactive pressure 
and shows that the problem is not one relating to an overloaded foundation 
with excessive bearing pressures 

The model techniques on Which this program has been based have been 
subsequently applied to other remforced concrete structures including pre 
stressed structures: however the present report. is limited to the study ol 


foundation slab 


DIMENSIONAL THEORY 


Phe theory of dimensional analysis provides procedures by which data 
obtained during a laboratory test may be applied to a similar apparatus 
built to a different scale The procedure consists ol two steps 


1) Determination of seale ratios for all important parameters 


2) Development of a suitable method of model construction 
Doherty and Weller have stummarized the theory of dimensional analysis 
by means of which the scale ratios may be established for any given type of 
apparatus Ih applying this theory to the consideration of strength and 


stiffness of a statically loaded structure, it is first necessary to make certain 





that the model is a true sealed replica of the prototype In the case at hand 
this means that all dimensions, including concrete shape as well as steel size 
and location, must be in exact proportion between model and full seal 
It also means that load distribution must be the same for model and full 
scale so that the laws of similarity can be applied In addition, materials 
having similar structural properties should be used; that is to say, Poisson’ 
ratio and the stress-strain curves for the materials of model and full seal 
should be the same 

There are four Important dimensional quantities Which must now be con 
sidered to apply model data to the prediction Ol ftull-seale perbormanes 
These are force, Ff, length, L, density, o, and stress, / Phese may be com 
bined to vield two nondimensional ratios 

/ Lo 
ind 
fh, 

The first of these establishes correspondence between applied load, / and 
stress, f, for different sizes, L, while the second pertains to the relationship 
between dead weight loading due to density, @ and. stre t funetion 
Ol SIZe 

In the model program deseribed here, steel and conerete of substantially 
the same physical properties as the full-scale materials were used. For thi 
reason corresponding stresses were the same between model and fu 
The following relationships were therefore applicable between model 


full scale (where subseripts Wand F refer to model and full seale, respecti 


The requirements ol hg z mav be deseribed Ih thre loOlloWMIg thmnelr 


The experimenter may establish any convenient linear seale factor (Ly L, 
say | 12, to determine the model size Having done this, he may obtain 
the static forces to be used on the model by reducing the equivalent Pull 


scale forces in proportion to the square of the seale factor 


hig. (3), however, introduces a problem. It requires that the density of 
all model materials should be changed inversely with respect the line: 
scale factor If the same materials are to be used for model ; sale 
us specified above, the requirement of hog 5) cannot be met his difficulty 
may be resolved for static strength and deflection tests when it is understood 
that Eq. (2) sets up the requirement that external fore bicall bye 
while Eq. (3) refers specifically to dead weight load Phu log 
be satisfied indirectly by applying arbitrary external forces to the mode! 
which are distributed in such a manner as to provide a loading that is sub 
stantially the same as that which would have been up by gravity if the 


density of the model materials had really bees i ‘ | required 
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It has already been pointed out that model materials must have the same 
properties as full-scale materials. In the case at hand, consideration must 
be given to (1) type of steel, (2) suitable roughening of steel surface, (3 
conerete stress-strain data, and (4) aggregate size. With regard to the type 
of steel, it is probably sufficient to verify that the yield point and ultimate 
stress of the reinforcing steel are the same for model and full scale without 
checking the stress-strain characteristics over the entire range. The model] 
wire should be deformed so as to provide a roughened surface that is similar 
to full-scale reinforeing steel. Coarse aggregate should be sealed down 
directly in proportion to the seale of the model; this is essential to permit 
passage between the reinforcing wires. It has been deemed permissible to 
ignore the scale factor on the cement dust because the particle size is negli- 
vible on both model and full seale. By somewhat the same reasoning, the 
use of fine clean sand, but without actual seale control of the grain size, Is 
justified for the models. The model mix and water proportions should be 
the same as full scale, and ultimate strength and modulus of elasticity should 
he checked 

The foregoing requirements assure a model structure which is an exact 
ccale replica of the prototype. Static tests may be made on such a model 
and the results applied to the full scale as follows: 


1) Corresponding total full-seale loading will be in proportion to the square of the 
cule 


( 


2) The full-seale distribution of loading must be the same as for the model 


Full-seale deflections will be in direet proportion to the seale 


TECHNIQUE OF MODEL CONSTRUCTION 


Model design specifications have been set forth above, but little has been 
said with regard to the fabrication techniques that may be used to achieve 
these requirements \ successful model must have the following 
characteristics 

(1) Must be cheap compared to full-scale cost 


(2) Dimensional tolerances must be held to seal 


(3) Models must be reproducible with a high percentage of success 


Mild steel baling wire was used for reinforcing. It was passed through a 
knurling machine to produce deformities similar to the full seale, thus insur 
ing an adequate bond with the concrete. Tests indicated that the bond 
strength developed on a length of 30 diameters was sufficient to exceed the 
ultimate strength of the wire. It was straightened by hanging a weight on 
it and then heating it electrically until vielding occurred. The current was 
supplied by a welding machine. Exact values of tension and current varied 
for each wire size, but with a little experimentation, suitable conditions 
were found which would permit straightening without affecting the yield 
point and ultimate strength for several specimens whose yield) point) and 
ultimate strength were 40,000— 45,000 psi and 55.000-70,000 psi, respectively 
Wire diameters were chosen in proportion to full-scale sizes, and stirrups 





Fig. 1—Method of making 
internal cores 


SCREWS 
REMOVED 
WHILE 
CONCRETE 


SETTING 


JA SECTION A-A 
SLOT FILLED WITH GREASE 
AND COVERED WITH WAX PAPER 
and ties were proy ided Ih corresponding places The (ving F dome with 
26-gage Nichrome wire handled with surgical forceps 
The coarse aggregate was scaled down by suitable screening while clean 
fine sand and good cement were used without control of the grain size 
Slabs were cast in molds of well-seasoned and smoothly-finished Miaple 
sprayed with three coats of clear nitrate airplane dope. All molds were put 
together with screws so that they could be removed piece by piece from the 
model. Internal cores were made as shown in Fig. | The core itself was 
made in pie-shaped sections with a gap of about 116 in. between each 


Mach section was secured in its proper place with a serew through the bottom 


of the mold. The gaps were filled with heavy grease which was wiped off 


clean with the surface of the core, and the slot was then covered with a strip 
of waxed paper 

After the steel had been cut and tied, it) was placed in the mold and the 
concrete placed and vibrated in conventional fashion \ few hours after 
casting, when the concrete had started to set, the indexing screws which held 
the core sections in place were removed The sections were then free to slide 
toward each other as the concrete tended to shrink 


Fig. 2—Underside of conventional slab 
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Fig. 3—Steel for conventional 
slab 


This procedure was the result of much experimentation and has since been 
used successfully with many different conerete models. The type of wood 
finish is essential to prevent sticking, and the technique of making collapsible 
cores Is need d to pres ent severe shrinkage cracks as well as to make it possible 
to remove the core after the concrete is set 

The conerete wa mixed in the ratio of one part cement, two parts sand 


and four parts gravel and a water-cement ratio of 0.665 


MODEL STUDIES 


Description of models 


kcach model was 24 x 36 in \ model of a conventional slab was made 


first asa ld P2-seale replica of a 24 x 56 ft small home foundation as specified 
for approval for insurance by the FHA in the San Antonio area (Fig. 2 and 3 


hive experimental designs were then made 


Fig. 4—Underside of flat slab 
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Fig. 6—Underside of pyramidal slab 
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Fig. 7—Steel for pyramidal slab 
(diagonally reinforced) 


shich mal use Ol a perimeter beam and a tapered pai ol diagonal 
beams which are deep at the center and taper toward the corners (Fig. S and 9 
In each of the experimental designs a careful estimate was made of the 
probable full-scale cost; in fact the amount of materials was chosen to make 
the total cost substantially the same as for the conventional slab. The cost 


breakdown shown in ‘Table 1 represents the average of estimates made by 


everal different men with experience in building and contracting and indi 
cates that the design repre sented foundations which would actually have 
been of equal cost within estimating accuracy 
Experimental procedure 

There are an infinite number of ways in which the soil may shift and heave 
Oo as to support the foundation in an irregular fashion. To obtain com 
parative data between slabs of different design, it is essential to establish a 


finite number of typical but critical types of loading which may occur. Different 


. 8B—Underside of X-keel slab 





Fig. 9—Steel for X-keel slab 


designs may then be tested comparatively for each of these loading Phree 
such loading conditions representative of the 


In practice These involve the lab 


vere chosen as being extrem 
which may be encountered hemg lip 
ported from different areas as shown by shading in Fig. 10 Lhe 


e loading 
conditions hat e been deseribed us 


‘fond.”’ center ” and 
For each loading condition the slab 


sponge rubber 


corner,” respectively 
Wits supported on 2-in. thick 
Lhe pads were cut to the 

Fig. 10, and due to then 


pads ol 
appropriate shape “ hown in 
softness it mav be assumed that they pro ided 


uniform pressure over their supporting area 
{As pointed out following Eq. (3), it is necessary to apply an external load 
veight deflection proportional to the correspond 
ing full-scale dead weight deflection 


to make the model’s dead 


Since the model vere ce ined to be 


TABLE 1—COMPARATIVE COSTS OF SLABS* 
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Fig. 10—Supporting areas used 
to apply different loading 
conditions 
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1 12 seale, each was londed with lead shot to a total dead weight loading ol 
12 times its own weight. This provided model data which may be sealed up 
Table 2) for comparison with deflections of a full-scale slab supported in the 
ame fashion and carrying its own dead weight (Table 3 

Deflection readings were taken with dial gages at a number of points over 
the surface of each slab so that deflection contours were obtained. For sim 
plicity in recording summarized data, a single deflection may be referred to 
mnoany given cease. This deflection is obtained by passing a plane through 
three corners of the slab and then recording the maximum deflection of any 
point in the slab from this plane. Such deflections have been listed in Table 4 


TABLE 2—EQUIVALENT FACTORS The model test set up is illustrated 
BETWEEN a a FULL-SCALE diagrammatically in Fig. bl. The dial 


gages were mounted on a ‘floating 


Mantes Model Full seale frame’ which was supported from the 
slab surface at three points. These 
Scale tuctor L/12 L 

Shiuape Reetangular fectunmular 
Size 24% S61n 24 x 36 It ol reference tor plotting contours. In 


three points constituted a zero plane 


a a , | / this way the frame itself was not 
Pressure subject to any strain, while over-all 
Pi darth rotation and translation of the mode 
were automatically eliminated from 





Fig. 11—Model loading jig 


the readings extension rod were pro ided for the dial yup Phese rod 


were positioned on the slab by suitable indicating pad and guided at then 


top ends by clearance holes in the floating frame. In this way the dial gage 
were protected from harm while loading and unloading the shot bag It 
should be noted that friction between the shot bags and extension rods did 
not affect the readings since relative motion took place only between the rod 
and the floating frame \ light re 

TABLE 3—COMPARATIVE WEIGHTS 
taining frame which rested on the slab OF SLABS 
Was pro ided to keep the shot bags 
In place 
Comparison of experimental and conventional 


slabs 
In Table } it abi oboe een that 
the corner loading produce feat 


the greatest deflection in all case 


For this reason the corner loading TABLE 4—MODEL DEFLECTION 
condition only will be used for pul MEASUREMENTS 


poses ob comparison 

Since the various slab designs had 
different weight Fable 3), the 
deflection measurement sted in 
Fable 4 do not truly represent com 
parative Stillness For this reason 
Fable 5 was prepared in Which the 


ab weights are divided by corre 





912 OURNAL OF THE AMERICAN CONCRETE INSTITUTE 


Neer cr teneime sponding deflections due to corner 
CORNER LOADING loading, and the stiffnesses so obtained 


have then all been compared with 
Kelative stiffness, percen . ‘ 
that of the conventional design. 
100 . 
1455 Another factor that must be dis- 


4 - 

168 cussed in comparing stiffness is the 
204 

sOA 


effective position of the supporting 

reaction. In the corner-type loadings 

each model slab was supported by a 

triangular piece of sponge rubber (see 
hig. J1). Though the same size pads were used for each design, the configuration 
of the bottom of the slab probably had an effect on the supporting pressure 
distribution. In the two extreme cases, namely, the flat slab and the con- 
ventional beam-type slab, the former was supported by substantially a uni- 
form pressure over the rubber triangle while the latter made contact  pri- 
marily along the beams. The center of pressure of a uniformly loaded tri- 
angle is at one-third the height; however the center of pressure of a uniform 
loading along the two slant sides of a triangle is at one-half the height. This 
makes the effective diagonal beam length of the conventional slab longer 
than that of the flat slab. An approximate analysis has indicated that this 
had the effect of making the flat slab model appear to be relatively 25 percent 
too stiff. It is probable that soil beneath a foundation acts in the same way, 
however, and this apparent advantage enjoyed by the flat slab is undoubtedly 
quite justified in actual building practice. For this reason no allowance 
need be made for effective diagonal beam length when comparing the stiff- 
ness of different designs; however this must not be ignored when comparing 
model and full-seale results as shown later. 

A study of Table 5 shows in particular the beneficial effect of a diagonal 
Mat as compared with a rectangular mat. The corner loading stiffness of the 
flat slab was increased approximately 65 percent due to diagonal placement 
of the steel alone; this was obtained at the expense of a 21 percent reduction 
in end-loading stiffiess. The effect was even greater for the pyramid design. 
Since deflections under corner loading were many times greater than any 
other loading condition, this represents a considerable net gain by using 


diagonal mats instead of rectangular 


Fig. 12—Steel for full-scale flat 
slab with diagonal reinforcement 





Table 5 also shows that 
the diagonal-mat flat slab 
was 2.69 times as stiff as 
the conventional slab unde1 
corner load while the same 
factor for the diagonally 
reinforced pyramid = was 
3.54. Though the diago- 
nal-mat pyramid was the 
stiffest of all designs tested 
it was concluded that the 
extreme simplicity of the 2-3/4" @ TOP 
flat slab would be most . AND BOTTOM \/2" 9-12" 0.C. BOTH WAYS- 
acceptable to builders and 
could be readily applied to 
foundations ol irregular 
shape. For this reason the 6" GRAVEL FILL Lf 3/8" © STIRRUPS 
diagonal-mat flat slab was 8} 6 OS 


TWO LAYERS |I5 LB 
FELT HOT MOPPED 


as deseribed Ith the follow - , ante | \/2" CONCRETE COVER 
AROUND BEAM STEEL SECTION A-A 


used for full-scale studies 


Ing section 
Fig. 13—Conventional slab 


FULL-SCALE STUDIES 

Description of experimental foundations 

As a result of the model studies, the flat slab with diagonal reinforcing 
was chosen as the most promising over-all design after taking into aeeount 
the attitude of builders engineers, and government agencies \ pair ol 
full-scale 24 x 36 ft slabs were made -one was flat with diagonal reinforcing 
(Fig 12) and the other was conventional to serve as a standard Design 
dimensions are shown on Fig. 13 and 14 

\ site was chosen for the two test foundations by sampling the soils on 
available locations The particular site selected had an active type surlace 
and subsoil lig 1 The surlace Was . of black loam someting 
referred to as “gumbo”’) while the subsoil was 3 ft of red clay The slab 
were concreted in the early fall while the ground was hot and dry 

\ grid of water pipes was buried under diagonally opposite corners of each 


slab so that moisture could later be introduced in measured quantities 


After curing, stee! pins were Ramset into each slab as relative defle 


markers, readings being taken with a survevor’s level 


Experimental procedures 

Water was injected gradually over a pe riod of several weel ind deflection 
readings taken The results have been recorded in Table 6 Phough deflection 
increased steadily as water was injected chedule requirements made it 


essential to accelerate the test kor this reason hvdraulie tac vere placed 
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TWO MATS OF 1/2"@-12" 0.C. 
BOTH WAYS. RODS AT 45° TO SIDES 
AND PARALLEL TO SIDES AROUND 


BOTH MATS 
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SECTION A-A 


Fig. 14—Diagonally reinforced flat slab 


obtain data suitable for comparison 


under the dry corners and 
upward loads applied. The 
corresponding deflections 
for both slabs are listed in 
Table 6. A total upward 
force of 64,000 |b was ap- 
plied to each slab (32,000 
Ib corner). At this 
point the jack footings 
failed, and due to lack of 


funds it was impossible to 


per 


carry the work further 
Comparison of model and full- 
scale data 

If 
loading conditions had been 
the data 
would have been directly 
Due the 
inherent problems of han- 


full-scale and model 


identical, test 


comparable, to 
i 
3 
dling the full-scale found- 
this 
For this 
logicalanalyticadjustments 
to the 
to 


ation slab, Was hot 


possible. reasol 


have been made 


model results so. as 


As explained previously, jacks were applied to the extreme corners of the 


full-scale slabs while the models were supported on triangular sponge rubber 


It 
(1) The sponge rubber supports can bn replaced 


The flat slab acts 
of the rubber triangle and is located at one-third the 
flat 


pads 


has been assumed that: 


(9 


equiy ilent reaction for the 


‘lab is in contact over the entire surface of the 


Fig. 15—Soil cracks at full-scale slab site 


by equivalent concentrated loads 


through the centroid of the 


area 
height. This is justified since the 


rubber 
(3) The equivalent reaction 
for the conventional slab acts 
the 
forming the rubber 


through the centroid of 
slant (ine 
triangle and is located at one 
half the height 


tified the 


This is jus 
since 
the 


linac 


permmeter 
ol conventional 


with 


beams 


slub have contact 


the rubber 
(4) The 


simply supported beam bend 


slab acts as a 


ing along its diagonal 





TUDIE 


TABLE 6—FULL-SCALE DEFLECTION 


4 fo 0 ref “? ve be: ; 5 
Phe following effecti eam length MEASUREMENTS 


are then applicable 
Conventional slab model test 34.8 in Deflection. in 
Flat slab model test $2.0 in 
Total diagon al |e ngth Condition Conventional Flat 
eorner to corner 
. 100 gal () tot) 
Krom assumptions (2) and (3 S00 gal. * 
above the measured model deflections — 64,000 Ib1 bY 
should be adjusted In proportion to 
the cube of the effective beam lengths 
to determine the values that would 


have been obtained if the model slabs 


had been supported by the extreme corners. These deflections must then 


be multiplied by the scale factor 12 to obtain equivalent full-scale information 
Finally, to standardize the effect of slab weight, it is desirable to divide the 
load by the deflection and obtain an effective stiffhess for comparison 

Thus, for the conventional slab and following the foregoing procedure 
and using data from Tables 3 and 4, it is seen that 

Adjusted model deflection for support at 

extreme corners 

Predicted deflection of full seale under its 0.493 

own weight 

40,000 
Predicted stiffness of full seale : 5,200 |b 
» i) 

\pplyving the same procedure to the flat slab model and also the tull-seale 
slabs under 64,000-Ib jacking louds, the comparative data of Table 7 wer 
obtained 

It must be frankly admitted that the full-scale tests were extremely crude 
as far as quantitative information is coneerned. Qualitatively, the effect 
of adding moisture unequally was clearly demonstrated, and the superior 
performance ol the flat slab was made evident Hlowever, no information 
could be obtained with regard to the actual distribution of load under the 
two slabs, and therefore, quantitative Comparison of their stiffne Vas not 
possible under the water flooding test 

The Jacking test also provided inadequate data for quantitative comparison 
It was known only that the total soil reaction was reduced by the amount of 
the jacking force, but the subsequent 


distribution of the remaining soil TABLE 7—COMPARISON OF MODEL 
AND FULL-SCALE RESULTS 
reaction was completely unknown 

It had been hoped that the entire slab Model 
could have been lifted, in which case ramen rey met 
the loading condition would have beer lDesige full-senle tiff ne = 
accurately determined It is some- » per in 
what remarkable that the model results 
when adjusted for COMpParison with Convention - 1,200) 21), 00K) 
, Flat (diagona 1 000 52100) 


full scale show such close agreement as 








916 JOURNAL OF THE AMERICAN CONCRETE INSTITUTE June 1955 


indicated in Table 7. This proved that the model tests could be used to 


qualitatively predict the performance of full-scale slabs, but more precise 


statements cannot be justified 


CONCLUSIONS 


femforced concrete model slabs can be successfully made and tested with 
reinforcing rods as small as 1/16-in. diameter and with concrete thickness 
down to 4 in. The models can be made for roughly one-fourth of the cost 
of the corresponding full-scale foundation 

Such models can be laboratory tested under controlled and well organized 
conditions for a negligible fraction (probably well under 10 percent) of the 
cost of corresponding tests under full-scale conditions. 

Model results are qualitatively in agreement with full-scale data; how- 
ever experimental uncertainties in the full-scale testing were greater than 
the discrepancies observed between model and full seale. 

Torsional flexibility was found to be the most serious structural defect in 
monolithic slab foundations. Thickening of the foundation near its center 
and diagonal placement of reinforcing steel were found to be the two most 
significant design changes in the correction of this condition. <A flat slab 
with diagonal reinforcing steel and estimated to be of the same cost as the 


conventional perimeter beam type slab was found to be 2.69 times as stiff 
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Title No. 51-49 


Design and Control of Municipal Paving Concrete’ 


A BURMEISTERI 


SYNOPSIS 


Specifications for concrete together with design and control methods a 
practiced by the City of Milwaukee for pavement construction in the past 10 
years are described. Compression strength tests of 3062 6 x 12-in. evlinder 
are summarized for the period 1949-1953 and air content tests numbering 
337 are reported beginning with 1951 when air tests were instituted as a contro 
measure. The cement factor specification is preferred by Milwaukee because o 


the precise bidding basis afforded 


INTRODUCTION 

While technical literature abounds in descriptions of mix proportioning 
methods and quality control procedure for concrete, translating them into 
practical municipal field) work poses administrative problems involving 
engineering staff available, laboratory facilities, number of projects, and 
number of contractors How the City of Milwaukee has handled these 
problems in its recent large paving program is described 

Table | gives the concrete placed yearly from 1949-1953. Only the 6 
sack per cu yd concrete (air-entraining cement) is included in’ this table 
Other concrete such as 4!5 sack per cu yd base concrete for bituminous sur 
faced pavements and concrete for retaining walls, sewers, foundations, and 


abutments are not included for simplicity of treatment of data 


SPECIFICATION TYPES 
Considering the quality of the concrete alone, a municipality constructing 


concrete pavement can issue specifications of any ol three main type 
TABLE 1—QUANTITIES OF SIX-SACK CONCRETE PLACED—1949-1953 


Your Pavement onl Sidewalk, curb and 
eu ad yiitter drivewa eu 


boa 19.607 233.077 
1050 bS310 26,7835 
1951 OLSLO QO HAS 
1952 O4,548 26.010 


1053 75,043 s1,078 21 


28.410 


*Presented at the st annual ex ntior Mil er et 4 
ypyrighted JOURN & AMERICA ONCKETE IN# ne, V No. 10, J 
rate prints are lable at 50 cents eact Discussion es in triplicate) « 
than Sept. 1, 1055 d Me‘ Rd.. Detroit 19. M 
*Member Amer nerete Ir tute t« - igines (‘ity of M 
W is 
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1. Simply call for a portland cement concrete pavement of “adequate” or satis- 
factory quality 

2. Stipulate various properties of fresh and/or hardened concrete such as W/C, 
compressive strength, mix by volume or combinations thereof 


4. Stipulate batch quantities for a minimum cement factor and a maximum slump 


The first is plainly inadequate as experience has shown that wide disagree- 
ments would oecur immediately among contractors themselves and others 
involved as to what constitutes adequate or satisfactory quality. However, 
this method is much used for private driveways, walks, and floors. The 
contractor alone is responsible for proportions of materials and quality. of 


eoncerete, 


The second method, while frequently used, places some responsibility on 
the contractor and some on the party Issuing the contract (depending on how 
the specifications are worded). But the most important and costly item in 
the mix the cement —is not necessarily fixed in amount, hence ready-mixed 
concrete suppliers or contractors bidding on this specification may differ on 


What richness of mix should be used. 


The third method, and the one used by the City of Milwaukee for the past 
12 years, places the responsibility for concrete quality on the engineers repre- 
senting the city and who design the mix. This method has proved popular 
with contractors because of the precise bidding basis afforded by the fixed 
cement content. In writing specifications for concrete using the fixed cement 
content (a unit cement factor) the principal steps involved are: 

1. Selection of cement factor 
Specifications for cement and fine and coarse aggregate 
Proportioning mix 
Control of concrete in field 


CEMENT FACTOR 


The cement factor for a municipal pavement should be predicated on type 


and thickness of slab, probable support offered by subgrade, amount and 


type of reinforcement, degree of workability or consistency required, and 


service record of aggregates. If no service record is available, mixes must be 
designed well in advance of construction so that out of mixes of varying 
richness the optimum cement content can be chosen. Due consideration of 
all these variables plus a safety factor led Milwaukee to decide on a cement 


content of 6 sacks per cu yd of freshly mixed concrete 


SPECIFICATIONS FOR CEMENT AND AGGREGATES 
Cement 
Air-entraining portland cement (ASTM Specification © 175-517) is used 
with the following amendment: “The Commissioner* reserves the right to 
reject: an air-entraining cement which does not produce satisfactory air 
entrainment in concrete. Air entrainment shall be between 3 and 7 percent 


*All contracts are written in the name of the Commissioner « 





by volume when such concrete is made with 6 sacks of air-entraining portland 
cement per cubic yard of concrete, has a slump of 2 in. to 3 in. and is made 


inh accordance with these specifications de 


Fine aggregate 


Fine aggregate specification is ASTM © 33-527 with various minor modi 


fications. Crading stipulated is 


Percentage b 


7 ey 10) 
No Treat O5 100 
No. 16 steve 5 SO 
No. 50 sieve 7 30 
No. LOO siey Ob 


Coarse aggregate 


Coarse aggregate specification is ASTM © 33-527, also with minor modi 


fications ‘Two sizes are sper ified as shown helow 


Forty percent of No. | size and 60 percent of No. 2; sual proportion 


of these two items 


MIX PROPORTIONING 


Since a cement factor of 6 sacks per cu yd has been chosen for Milwaukee 
pavement concrete, mix proportioning usually is a matter of determining 
total aggregate content per cubic yard plus determining the proportion of 
fine aggregate in total aggregate and water content for the specified 4-in 
slump. An experienced concrete technologist can frequently get an accurate 


mix with just one or two trial batches based on estimated quantities for the 


desired cement content Minor adjustments may be needed when production 


is started gut a more efficient method is to set up three trial batches with 
‘ment contents above and Helow the desired “mount ‘| hus lor a mininum 
cement factor of © sacks per cu vd trial batches are set up lor a given combi 


nation of aggregates and cement for 5. 6 and 7st . per cu vad 
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Fig. 1—Concrete mix proportioning chart for ready-mixed concrete—Air-entraining cement Brand 
No. 1, local sand and gravel. Slump 1% to 2% in. 





These trial batches may be made in the testing laboratory on a small seale 


(50- to 100-lb batches) or they may be made in the field using regular pro 


duction equipment The latter method is preferred because it completely 


eliminates the need lor duplicating field action in produc Ing alr entramment 


In addition, check runs can be made for a batch quickly and conveniently 


Procedure for field trial batches 


1. Tentative batch quantities for each cement content are computed Knowing 


the general characteristics of a given source of aggregate the total amount of oven 
dry aggregate required for a cubic yard of concrete is estimated Phis is then sepa 
reg estimating 


rated into two components fine aggregate and coarse ig 
percent of fine aggregate required. The first estimate — that of tul age 
is relatively easy (often such information is available in published table 
those in the report of ACI Committee 613). The second estimate percent fine 
because particle shape, variation of 


of total aggregate Is not 80 eas) gradation (ever 
though gradation is within specification limits), and potential air entrainment of cement 
all have to be taken into account. Limits for percent fine in the Milwaukee 
area are 34 to 44 percent when aggregates range from rounded gravel pebble 


stone Oven dry aggregate batch weights are increased to compet 


water and mixing water is adjusted corresponding! 


2. Seales and all equipment are checked for proper functioning rhicularl 
chute 


important to see that there is no “hold out’’ of materials in 


Likewise the mixer should have some batches run through it is to con e interior 


with mortar 
3. The trial batch is made and if it is too wet, or if percen 


o I 


aggregate is not adequate for workability the batch is disearde 


repeated until a satisfactory batch with correct slump ind work 


is toate 


} Aggregate samples are taken from the hopper chutes 


and are placed in airtight friction-top cans. Aggregate samples 


laboratory for tests of moisture content ibsorption, specie gray 


5. The fresh concrete from the satisfactor bateh is teste 


12 


ur content, specific weight and 6 x 12-in. eylinder compre 


h The procedure is repe ited for the several selected 
not matter if the exact cement contents designed for 


because when the data are reduced* and plotted is sho 


content design can be obtained by interpolation 
dry basis) can be taken from this chart for the d 
duction these quantities are increased to 


of actual tests or estimated moisture The 


Fig. 2—Making slump tests 
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when moisture tests are made but (as is frequently done) when the moisture in aggre- 
gates is estimated the water added at the mixer is that amount which will give the 
required slump, which for the hand placement methods generally used is specified 


it $n. maximum 


Since the contractor is required to make concrete with batch quantities 


determined by the city, he is not required to meet a compression strength 


requirement. Tlowever, the specifications give an estimated strength of 3600 


psi 
FIELD CONTROL—COMPRESSION TESTS 


seside the customary inspection staff at the ready-mixed concrete plant 
and project site (currently all Milwaukee paving concrete is ready-mixed 
the city testing laboratory exercises another control and that is to make 
field 6 x 12-in. compression specimens, air content tests, and slump tests 
Kield testing on a typical paving project is shown in Fig. 2 to 5 

Test cylinder molds are of paraffined paper. The cylinders are field cast 
in groups of four, one for a 7-day test and three for the 28-day test Cylinders 
are allowed to stand in the field for 24 hr with no protection and are then 
taken to the laboratory moist closet Because paper molds give results 
lower than with metal molds* and since the treatment of the field cast evlinders 
are not in full compliance with ASTM) standards, the strength results are 
lower than if ASTM requirements were fully complied with. However, the 
paper molds are economical and make possible a larger number of tests than 
if metal molds were used. It has been the writer’s experience that a large 
number of tests made at frequent intervals (even though of a lower orde1 
of accuracy than possible) give better control results than highly accurate 


but fewer tests widely spaced. The effeet of frequent tests on workers’ 


Fig. 3—Making test cylinders 


va ‘ ept OP 





Fig. 4—Filling air meter with 
concrete 


morale is alone of great benefit Table 2 ves compression strengths 


evlinders taken during the past 5 years paving. These strengths have 


been tabulated by ready-mixed concrete plants Note that the averages 


for the 5 vears is 3680 psi IS-day COMPPessive strength Since all test 
specimens are made at unannounced times, this average shows that) thers 
was excellent compliance with specifications 

Kor most projects slump tests are made only occasionally as a cheek on 
estimated water content, but if there is disagreement on the job, slump and 


other tests such as specific weight of fresh conerete are mince 


FIELD CONTROL—AIR CONTENT TESTS 


Air contents are determined in the field by use of a Pre ( R-Meter No 
corrections are made for absorption of aggregates because of the small amount 
and questionable alidity of such corrections Pable 3 gi lts of the 


“ir-content test program instituted in TOO] Note that the ; air con 


Fig. 5—Reading air content of 
concrete 
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tents for each year has been highly satisfactory and there were relatively 


few tests outside the 3-7 percent specified. 


by use of 


air-entraining cements 


accelerators were used 


and no air 


entrainment 


In all cases air was entrained 


depressors or 


TABLE 2—COMPRESSIVE STRENGTHS OF PAVING CONCRETE* 


Code No. of 1949 


ready-mixed 
concrete Ave 
plant strength 


! t810 
4470 


sO10 


TW 
wo 
i840) 


bo 


*28-day strengths of moist 


5 years and 3062 cylinders 


Cement 

Fine aggregate 
Coarse aggregate No 
Coarse aggregate No 
Water (added ) 


Total 


1950 


No. of Ave No 


eylinders strength 


a 
uy 
v4 


cured 6 x J|2-in, cylinders 


O80) pe 


eylinders strengt! 


1951 

Avg No. of 
1150 

to40 


b450 


Avg 


eylinders strengt! 


4400 
sH50 


4440 


47 20) 
$510 
$450 


1400 


s7H0 
10 
$540 
$440 
400 


$750 


Appendix A—Computations 


Batch weights wet (Nominal 1 cu yd), Ib 


Batch | 
DOA 
1225 
825 

1225 


105 


O54 


Total moisture in aggregates (oven dry) 


Fine aggregate 
Coarse aggregate 
Coarse aggregate 


Fine aggregate 


Coarse aggregate 


Coarse aggregate 


Total, lb 


Batch | 


percent 


” 
- 
| 


I 

7 percent 
2.0 percent 

1225 K 0.021 
1.021 

825 KX O.017 
LOW 

1225 K 0.020 
1.020 


Batch 2 
170 
1300 
$25 
1235 


180) 


110 


Batch 2 
3.2 percent 
2.0 percent 
1.4 percent 

1300 * 0.032 
1.032 

825 «0.020 
1.020 

1235 KO.014 
L014 


1954 


of Ave No. of 


ylinders strength eylinders 


‘eon 


Batch 3 
658 
1175 
SOO) 


1225 


whe 


204 


1062 


Batch 3 

2.6 percent 
1.8% percent 
1.5 percent 

1175 «0.026 
1.026 

SOO xX OLOTS 

14 

LOS 

1225 KO.015 


LOU 
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Batch weights, dry 

Satch 3 
kine aggregate : : . 75 ) 1145 
Course aggregate 2 vAs 786 


Coarse aggregate > vss os é ce: 1207 


Total, Ib ¥ 2) 5138 


Total water in and on aggregates 


jutch 3 
bine iggregale * 4) 
Course aggregate No. | 14 


) 


(ourse igvreyute No. 2 


Water absorbed by aggregates 


bine aggregate Obtained by amr drying as-received sample to particle saturated, surface 


dry condition; weighing, then oven drying, and again weighing 


Course aggregate Obtained by soaking in water 24 hr, then drying with towel; weighing 
n drying, and again weighing 
bins igvreguts ou per it on COMposite sumple 


e upyregate 1] percent on Composite sample ol 1) percent No. | ind 60 percent No. 2 


Satch | Jutch 2 Jutch 3 
Fine aggregate 1200 * 0.009 1] 12600 &* 0.009 11 1145 & 0.009 10 
Course aggregate 2012 * O.O11 22 227 XK V.011 22 1904 & O.OL] 22 


‘Total, Ib 


Free water from aggregates 
Bateh Batch 2 


10 tb 


Water-cement ratio computations 
Jutch | Batch 2 gateh 3 


kree water from ) An 


Water added at mixer 105 204 
Total fre vater 
Woe ly veight 


WoC, by volume 


WoC, gal. per 





Absolute volumes, cu ft 


Cement 


Fine iggregiuts 


Course aggregat« 11.00 


W iter 


Absolute 


volume of batch 


Fresh weight per cu ft of concrete 
field test, Ib 146.48 147 

Fresh weight per cu yd, lb 146.48 27 147 
154 

1034 


Jatch weight, lb O10 


110 


Yield, cu yd 1.0200 


SDD sa74 
Yield, cu ft 27 * 1.0200 27.540 27> 1.0078 
Cement content 

sacks per cu yd 


1.0200 § 5 1.0078 


Air content, gravimetric 


Batch | 
Actual volume 27.540 
Absolute 


volume 25 79 
Air volume, cu ft 1.700 
Air voids 
Air voids 


pressure 


percent 1.790 27.540 
field test 


method percent 6.0 


Mi K 24 


wx? 
HH 2 
My 


ny! 


LOO? 


(MH 


1 (nnn 
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Title No. 51-50 


Tobermorite and Related Phases in the System 
CaO-SiO.-H.O' 


SYNOPSIS 


The hydrothermal reaetions at temperature 7) 125 
Ca(OH ind quartz or there acid have been studied in detail 

the reaction products to form particularly in the range of molar composition 
ol O18 CaO: SiO, to 1.25 CaO: Sw The solid phase ver tudied by rs 
DTA, BET nitrogen adsorption, electron microscopy and chemi 

The products prepared from mixtures made with silicie acid were fibrou 
form and ranged In composition trom OS to 25 » The same or close 
related solids were also prepared with quartz ous CySoH,, transformed 
to tobermorite CyS;5H;, a platy crystalline solid transformation 

rapid in mixes made with quartz but compara 
with silicic id Although the fibrous and 

differences between the two partict ly in physical propertic ippear to by 


real. The fibrous phase does not integrate and, upon drying, undergo a marked 


shrinkage The lat hase integrated into dimensionall ible olds 
| | 


superior strengths 
INTRODUCTION 

The results of the investigations conducted in the General Research Division 
of the Owens-Illinois Glass Co. on the synthesis of the mineral tobermorite 
(CyS;H;)~ and related solids in the system C-S-H appear to be of general 
interest In the chemistry and morphology of the hydrous caleium. silicates 
Data from these studies on some of the intermediate phases have been pub 
lished.' Also, methods of synthesizing tobermorite are described in a recent 
patent,’ the application for which was filed in 1948 Subsequent to the 
date of filing, other pertinent data bearing on the low-lime phases in. the 
system have heen obtained. It appeared that these later data together 
with further details on the course of the reaction deseribed in the patent 
and a review of the published data, would be worthwhile additions to the 
general chemistry of hydrous calcium silicates and therefore are presented 
in this report 


METHODS OF SYNTHESIS 


The solid phases were prepared at temperatures of 25 © and 125 to 175 ¢ 


in closed containers and in the presence of liquid water. At ordinary temper 
*Received by the Institute June 3 4 Pith 
cneTe Inerirore, V. 2 No, 10, June 
Discussion (copies in triplicate) sho ‘ 
MeNichols Rd., Detroit 19 
{Member American Concrete 
Kes aret > ifion (Jwens 


tThe usual abbre 
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atures the solids were prepared by precipitation from aqueous solutions of 
silicic acid and calcium hydroxide following the method of Flint and Wells.* 
Compositions of the precipitates were affected by varying the volumes of 
the solutions of Ca(Of/), relative to that of silicic acid. The details of tests 
and results have been published.! 

Calcium oxide and either silicic acid or finely pulverized quartz (minus 
No. 325 sereen) served as raw materials in the hydrothermal studies at 
temperatures of 125 to 175 C. The CaO was prepared by igniting low-alkali, 
reagent quality CaCO, at a temperature of 1050 to 1100 C for 2 to 4 hr. The 
dry raw solids in desired proportions were first mixed thoroughly and then 
with water in a water-to-solids ratio of 3.5 by weight. In an alternate method 
the CaO was hydrated first in six parts of water (at 50 to 60 C) by weight, 
the silica-bearing component was then added to this slurry and the compo- 
site thoroughly mixed immediately before being placed in small autoclaves 
for processing. Although nearly all the samples described in this report 
were made by the first method, the alternate method was used in preparing 


larger amounts of the solids. The reactions appeared to proceed more rapidly 


for the mixes made with freshly slaked lime slurry. Otherwise no striking 
difference was observed between the results for the two methods such as 
that experienced in the preparation of the crystalline lime rich phases.‘ 

Autoclaving was carried out at selected temperatures and for various 
periods. At selected periods of processing, one autoclave from a group of 
four to six containing portions of the same mix, was quenched in cold water 
The contents were filtered and washed, in order, with acetone and diethy! 
ether, and finally dried at 110 to 120 C for 1 to 2 hr. The samples were 
stored in tightly stoppered bottles 


IDENTIFICATION AND CHARACTERIZATION OF SOLID PHASES 


The method of differential thermal analysis (DTA) was adopted for 
characterizing the reaction products, and its application as used in these 
studies is described elsewhere.° 

A Phillips’ diffraction unit with a 57.3-mm radius powder camera using 
Cu K alpha radiation and nickel filter was employed for recording the x-ray 
diffraction on photographic film. A Norelco Geiger-tube x-ray spectro- 
goniometer was also used in these studies 

A model EMU, RCA electron microscope was applied in the studies of the 
erystal habit of the finely divided materials. 

The BET nitrogen adsorption method was used in determination of the 
surface areas of the solid phases. These results, in conjunction with others, 
also served the purpose of differentiating between closely related phases in 
one part of the study. 

The extent to which silica and Ca(OH). reacted during the earlier stages 
of the reaction was of considerable interest in this investigation. Accord- 
ingly, free lime and unreacted silica were determined quantitatively. The 
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methods and results of free lime tests are reported elsewhere.' In the analy SIS 
for unreacted silica, following the method ol Steopoe,' a finely pulverized 
sample is rapidly dissolved in 1 N HCl solution containing 5 percent NaC/ 


then washed with a solution of 5 percent NaosCOs —5 percent NaCl by weight, 


and finally washed in succession with | percent HCl solution and hot 


water. The ignited residue represents the amount of unreacted silica 
Analysis of mixtures of a sample of fibrous CS//, and silicic acid, the 
latter in amounts of 1 to 5 percent by weight of mix, for free silica indicated 
that the results obtained by the described method were accurate to * 0.5 
percent. Limitations of the method in determinations on well crystallized 


solids are reported clsewhere.4 


RESULTS 


Karly in this investigation, examinations with the electron microscope 
revealed presence of fibrous and platy crystals in the reaction products 
iventually, procedures were developed by which each of these forms, as 


described below, was isolated as a homogeneous solid 


Isolation and identification of the fibrous phase 

The low-lime solids forming at 25 C in presence of large amounts of solution 
were found to have compositions ranging from O.8 COS to 1.35 C08 \ll 
compositions of the fibrous solids in this range showed nearly the same x-ray 
results. Patterns of four compositions are included in ‘Table 1, last four 
columns. These patterns are in good agreement with those published by 


Taylor! for similar preparations which he designated “CSH-{”’ One of the 


TABLE 1—X-RAY DATA OF SYNTHETIC TOBERMORITE AND 
FIBROUS LIME-SILICA HYDRATES 


Mal SSiOenHo CaO Sul oiwt CaO ASOo nH 


l/l 1A 
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important characteristics of the members of the 0.8 to 1.33 C/S series is 
their stability in the acetoacetic ester medium used for free lime determi- 
nation.’ The phases of lime contents higher than that of the 1.33 CS hydrate 
are not similarly stable, the lime in part is extractable. 

Although x-ray results do not differentiate between the different COMpo 
tions, the DTA curves indicated reproducible and characteristic differences. ! 
The 0.8 to 1.0 CUS hydrates underwent a strong exothermic reaction at 830 
5 (C, the extent of the change being about twice as large for the 1.0 CUS 
hydrate compared to that of the OS CUS solid. The 1.25 CS phase mani- 
fested this reaction at 865 2 5 CC, and the 1.33 C/S hydrate at 900 + 5 C 


The fibrous nature of these phases is illustrated by the electron photo- 


micrograph in Fig. 1.) These fibrous crystals were exceedingly fine 

hibrous products identical to those just described, and extending in compo- 
sition from O.8 to 1.25 CUS, were also prepared hydrothermally from mix 
tures of solid lime and silicic acid at temperatures of 125 to 175 C. In these 
syntheses the periods of autoclaving, depending on the different factors to 
be discussed, varied from several week, at 125 C to a few hours at 175 C 
The product obtained from mixtures having C/S ratios higher than 1.25 
contained the 1.25 CS hydrate and the alpha “dicalcium” silicate hydrate.’ 
The solids made at 25 © adsorbed about 30 to 40 percent more nitrogen 
than did those made at 100 C to 175 C. Therefore, it was assumed that the 
size of the fiber was slightly greater in the samples processed at the more 
elevated temperatures \lso, the samples prepared at room temperature 
underwent the exothermic reaction during differential thermal analysis at 


a temperature approximately 7 C (average of about 60 results) lower than 


Fig. 1—Electron photomicrograph 
of fibrous CSH 
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TABLE 2—CONDITIONS UNDER WHICH THE FIBROUS 4CaO. 5SiO, -nH.O, 
CaO - SiO, nH.O, 5CaO-4SiO,-nH.O, AND 4CaO.3SiO, nH.O FORMED 
FROM MIXES OF LIME AND SILICIC ACID, AND SOME 
PROPERTIES OF THESE SOLIDS 


did those ol comparable COMPOSItLOns processed at 175 ( Decrease inn the 


temperature of the exothermic reaction is to be expected With imereased 
fineness of the sample under test 


The water contents (loss on ignition) of the samples dried at 110 to 120 ¢ 


were approximately 14-15, 15-16, 17-19, and 17-20 percent for the OLS, 1.0 
1.25, and 1.33 CS hydrates, respectively Phe exuet 


water of these solids 


amount of hydrate 
would be difficult to determine because of the exceedingly 


small size of the crystals, making doubtful the amount of surface adsorbed 


water; and also more recent reports on the subject indicate the possibility 


that movement of structural, presumably zeolitic, water may even occur at 


room temperature 


TABLE 3—RESULTS ON 0.8 C S SAMPLES MADE WITH SILICIC ACID AND 
INDURATED AT 175 C INDICATING THE FORMATION OF THE FIBROUS 
4CaO  5SiO,. nHO 
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The most favorable conditions of temperature and time of formation of 
the fibrous solids following the procedure described in this report are given 
in ‘Table 2.) The reactions at 125 © are very slow, requiring up to three 
weeks for completion, and, therefore, most of the tests were conducted at 
150 and 175 ©. At 175 © the reactions of formation of the fibrous solids 
are markedly accelerated, being completed in the order of 6 to 14 hr. 

At 175 © the fibrous 0.8 COS hydrate is stable only during a relatively 
short time. In establishing the conditions for the formation of this phase, 
series of mixes of O.8 COS ratio were autoclaved for different periods of time 
starting with a period in the order of | hr. The samples were analyzed 
chemically for free siliea and studied for change in surface areas and DTA 
curves. In Table 3 are given the analytical, surface area, and DTA data 
obtained on samples processed at 175 ©. The original composition corrected 
for the amount of unreacted silica gives the composition of the reaction 
product which is designated in the table as “CUS ratio, corrected”. After 
about 3 hr, the CS//, formed and persisted for about 4 hr. Starting at about 
7 br of total autoclaving, the CS//, underwent a reaction with the residual 


silica and this was completed at about 12 hr. The product was essentially 


the fibrous 0.8 COS hydrate. The variations in the surface area of the prod- 
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Fig. 2—Relation of surface areas to time of autoclaving of 0.8 CS mixture made with silicic 


acid at 175 C 
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Fig. 3—Electron photomicrograph 
of synthetic tobermorite 


ucts formed at different times are shown in Fig. 2.) The O08 CUS hydrate 


had a considerably higher surface area than did the 1.0 CS product. During 
| 


the autoclaving interval between 12 to 19 hr the composition, surface area 


and DTA results remained essentially constant 


Isolation and identification of tobermorite (platy phase) 

The fibrous 0.8 COS hydrate was not stable for long at a temperature of 
175 C during autoclaving. After about 19 hr the reaction product) mani 
fested a decrease in surface area and a marked reduction in the extent of 
the exothermic peak. The x-ray diffraction also underwent significant 
changes which became more and more pronounced with samples autoclaved 
for the longer periods (mong these changes were the appearances of the 
line of strong intensity at 11.1 A, the resolution of the 3.03 * 0.02 A line 
into a doublet at 3.07 and 2.96 A, and a small increase in the spacing of the 
1.82 A line to about 1.84 A. The x-ray pattern for the fully crystallized 
sample is given in Table 1. This sample consisted only of the platy phase 
An electron microscope view is shown in Fig. 3 

‘Tobermorite, which is called Lepisil in the patent,* is much more readily 
prepared from quartz, or a pure form of tripoli, than with silicie acid. Solids 
higher in lime, up to 1.0 C/S ratio, have been prepared which gave identically 
the same x-ray pattern as tobermorite Presumably, these may also form 
even with higher lime content; however, the formation of the alpha “di 
calcium” silicate hydrate generally results. The formation of members. of 
the tobermorite series of the higher lime contents requires lower temperatures 
and considerably longer time of processing \t the higher temperature 


used in practice, the formation of xonotlite with tobermorite occurs 
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Fig. 4—DTA results on products 
prepared at different times of 
autoclaving at 175 C from 0.8 
C/S mixture made with quartz 
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Reactions between Ca(OH), and quartz, and Ca(OH), and silicic acid 

The development of the subject matter of reactions between Ca(OH). 
and different forms of silica at 125 to 175 C requires a brief description of 
the lime-rich phases, which are the first products formed in the reaction. 
It has been indicated? that three different kinds of lime-rich products may 
appear as the first intermediate phases. Recently, these three phases have 
heen identified more definitely. The most common form, and readily identified 
by x-ray, is the lime-rich analogue of the fibrous 0.8 to 1.25 C/S hydrates. 
It is generally formed from silicic acid and lime. The second type has been 
deseribed® as a poorly crystallized form of the alpha “dicaleium’’ silicate 
hydrate. It is formed most frequently as the first product in the hydrothermal 
reaction of lime and quartz. A third type, apparently a poorly crystallized 


form of the mineral hillebrandite, appears to form in portland cement pastes 
at temperatures of about 80 to 125 C 


Mixes of O.8 COS ratio made of lime and either quartz or silicie acid were 
processed at 175 © for different periods, and the products of the reactions 
at the various stages were studied by DTA, x-ray, nitrogen adsorption, and 
analysis for unreacted silica. The DTA results for mixes made with quartz 
are given in Fig. 4. The curve at the top of the figure is essentially that of 
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Ca(OH )2; only a small amount of the lime-rich phase formed during the 


heating-up period. During the following period of 1.5 hr at 175 © about 
two-thirds of the total Ca(OH). had reacted to form the poorly crystallized 
alpha-type hydrate. The next DTA curve, after 3.5 hr, shows a near depletion 
of the Ca(OH)». The reaction product was the 1.75 CS alpha-type hydrat« 
in poorly crystallized form. 

The reaction does not stop when all the free Ca(OH)». had reacted. In the 
present mixes of 0.8 CS ratio, less than one-half of the total quartz, as shown 
analytically by determination of free silica, was combined at the time when 
the last trace of free Ca(OH), reacted. The subsequent reaction, therefore 
occurs between the lime-rich phase and the residual quartz. The lime-rich 
solid on basis of chemical analysis showed a composition of about L&C S.* 
Samples of the product prepared at ordinary temperatures manifested a 
(Sof 1.7 to 1.8. Although, due to experimental difficulties, the composition 
of this phase could not be established unequivocally, the COMpoOsition | 
probably close to a ratio of 1.75 CS and the formula, CyS,//,, corresponding 
to this ratio is used in the reactions given in the following discussion 

The DTA curves in Fig. 4 (those in Fig. 5 to be discussed) and others not 
reproduced in this report showed a definite and reproducible sequence in 
the formation of the solids of different compositions described in the pre 
ceding sections. The first step of the over-all reaction 

7C + 4S + ag. > CSA, 
represents the combination of all the free Ca(OH)» in the formation of the 
lime-rich phase. The other stages, in the following order, represent the 
reactions between the different hydrous calcium silicates and the residual 
silica 

5C,S.H, + 8S —> 70;S\H 

C.S,H, +S —-> 5CSH 

1CSH, + S—> C,S;H | 
The completion of the particular reaction under consideration is represented 
by the conversion of the fibrous CyS,//, to tobermorite 

C.S;H, > CS;H 5 

The curve at the bottom of Fig. 4 is that of a well-erystallized sampl 
of tobermorite. This curve shows only a small endothermic effect at about 
260 C. The exothermic reaction does not oecur in DTA studies of this solid 

The studies of a parallel series made with silicic acid show interesting 
differences in the nature of the lime-rich phase and the time required for 
the formation of the various solids compared to those made with (quartz 
The DTA curves are presented in Fig. 5, and the analytical data, surface 
area results, and summary of DTA data are given in Table 3.) The use of 
silicic acid, instead of quartz, made it possible to isolate the fibrous CyS.// 
at elevated temperature (150 and 175 C 

As shown by the top curve in Fig. 5, the Ca(OH)», combined completely 
with the silicic acid in the heating-up period of 40 min. X-ray examinatior 
of this solid showed weakly the principal lines of the O.S to 1.25 CS hydrate 








JOURNAL OF THE AMERICAN CONCRETE INSTITUTE June 1955 


Fig. 5—DTA results on products 
prepared at different times of 
autoclaving at 175 C from 0.8 
CS mixture made with silicic acid 
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and broad bands, and it apparently is the lime-rich analogue of these hydrates 
The combination of the lime-rich phase with the residual silica was very 
rapid. The intermediate CyS,/7, could not be isolated entirely free of either 
the (;S,//, or its transformation product, the CSH,. The CSH, formed in 
about 2 hr and persisted as such up to about 7 hr of autoclaving. It is inter- 
esting to note that the surface area of this phase remained nearly constant 
at about 120 sq m per g. After about 7 hr the reaction with the residual 
silica became rapid and, in about 9 to 10 hr from the start of test, the C,S,//, 
Was present essentially as a pure phase with a surface area of about 170 to 
ISO sq im per g. After a total time of about 18 to 19 hr, the transformation to 


tobermorite began. At first it was rapid but complete conversion generally 
was not obtained for about four to seven days. 
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The essential difference between the reactions of Ca(OH and quartz, 
and Ca(OH). and silicie acid is one of rates of reaction. The rates of reaction 
are shown diagrammatically by a plot of the composition of the reaction 
products (CS ratios) and the time of autoclaving in Fig. 6 This figure is 
a summary of the complete data used in the preparation of Fig. 4 and 5 
The most important feature, as mentioned, is the relative persistence of the 
CSH,, and the C,S;H, in the mixes made with silicie acid compared to those 
made with quartz Jefore commenting on the difference, it should be men 
tioned that the times given in hig § are only approximate Changinw the 
mixing technique, for example, or the brand of silicic acid resulted in: differ 
ences of elapsed autoclaving time to the various phases of as much as 3 hi 
Also, the reactions were not always completely consecutive; simultaneous 
formation of two solids occurred such as the appearance of C,S 7, and CSH 
as products of the decomposition of the lime-rich gel in samples made ot 
silicic acid. In these mixtures exothermic peaks at 8385 # 5 © and S70 4 


5 © served to indicate presence ol these highly similar solids 
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Fig. 6—Time required to form the different products from 0.8 C S mixes of Ca(OH), and quartz 
or silicic acid autoclaved at 175 C 
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Comparison of results on fibrous and platy phases 

Silicie acid is, of course, much more reactive with lime than ts quartz, 
and the initial reactions are therefore more rapid. In view of this greater 
reactivity, it is surprising that the formation of tobermorite (actually the 
transformation of the fibrous C,S./7, to this phase WHs markedly slowe! 


with silicic acid than with quartz It was assumed, in an attempt to explain 


this phenomenon, that the small residue of unreacted silicic acid which per- 


sisted in the samples might be a factor by maintaining the silica solution 
at a high concentration compared to that obtained with quartz. This hypo- 
thesis was substantiated qualitatively by increasing the CS ratio trom 
0.800 to 0.825 so that excess lime was present to neutralize the excess silica 
In that test the transformation to tobermorite was complete in about one 
day compared to the four to seven days required previously Direct con- 
firmation of this deduction was indicated later by still unpublished solubility 
data on the fibrous CyS./7, CSH,, and tobermorite obtained in this laboratory 


Pure tobermorite always appeared in form of thin plates. In one sample, 
prepared from commercial lime and ground quartz, examination of a stereo- 
scopic electron photomicrograph revealed the presence of a mixture of rolled 
plates and the usual thin plates. The geometric outline of the rolled erystal 
plates aus they appeared On a photographic print is illustrated in the center 
of Fig. 7. Generally, these erystals appeared like elongated ellipses with 
pointed euds. A homogeneous sample of the rolled plates was not knowingly 
prepared and, therefore, a detailed study of this type ol product could not 
be made The x-ray pattern ol the present sample was identical to that of 
a well-erystallized sample of tobermorite 


wr 


Fig. 7—Electron photomicrograph 
ne (in center of figure) rolled 
plate of tobermorite 
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fesults of another series of tests, although obtained on a solid phase 
deliberately contaminated with A/,O;, are presented because the variations in 
x-ray patterns on portions of this sample stored under different conditions 
of humidity were considered significant. The sample of CS//, was prepared 
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Fig. 8—X-ray patterns of CSH,, dried in vacuum and then exposed to different humidities for 
three weeks. Patterns are of samples as follows: (1) dried in vacuum four days; (2) dried sample 
stored at 52 percent relative humidity; (3) dried sample stored at 95 percent relative humidity; 
(4) dried sample after three-week storage in sealed container; (5) pure synthetic tobermorite 
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from CaO, ground quartz and 1.9 percent A/,O, as kaolin at 165 © for 15 hr, 
and was then dried in vacuum for four days. Portions of the sample were 
stored at 52 and about 95 percent relative humidity (over water in a closed 
container) for three weeks, and the remainder was set aside in a tightly 
stoppered bottle. X-ray data of these samples are given in Fig. 8 Two 
significant changes occurred which are indicated by the x-ray data. 

The original sample (No. 1, Fig. 8) showed a pattern similar to the fibrous 
CS H, CS, and apparently is highly similar to that solid phase. How- 
ever, a few weak lines particularly at spacings of 3.34, 3.21, and 2.65 A cor- 
respond to strong lines in the pattern of hillebrandite. This is interesting 
because hillebrandite, as already mentioned, is one of the three possible 
lime-rich phases that may form in the initial reactions of lime, silica and 
water, or portland cement and water at a temperature of approximately 
80 to 120 ©. One could, therefore, assume that the original sample was a 
mechanical mixture predominantly of the fibrous CSH, and a little hille- 
brandite. This interpretation was not substantiated by x-ray data on the 
previously dried sample after subsequent dry and damp storage. 

The dried sample of CSH, upon storage in absence of moisture underwent 
a transformation to the 1.0 C/S tobermorite as suggested by comparison of 


the pattern (No. 4) of this product to a pattern, No. 5, of pure synthetic 


tobermorite. The samples rehumidified at 52 and 95 percent as shown by 
patterns No. 2 and No. 3, respectively, also underwent a change. This 
change was especially pronounced in the sample stored at 95 percent relative 
humidity and suggested that the degree of alteration may be related to the 
amount of water absorbed. For the purpose of comparison with previous 
data, the spacings of the lines of pattern No. 3 are presented in terms of 
angstrom units in Fig. 8 This pattern agreed far better with the general 
x-ray results obtained on hillebrandite and related synthetic products desig- 
nated as the beta-type hydrate (in Table 1, Reference 4) than with that of 
any other known hydrous calcium silicate. On the basis of this agreement, 
it is assumed that the sample has a structure similar to those solids and may 
possibly be a member of such series of solids previously described.* Because 
of the indicated agreement in x-ray data, the transformed solid, for want 
of a better name, is designated as the 1.0 CS beta-type hydrate. 

The above results are unusual and, therefore, other similar tests were 
carried out. The mixes were prepared from freshly slaked lime suspensions, 
Georgia kaolin, quartz passing the No. 325 screen and with water to solids 
ratios of 3.0 by weight. The silica of the kaolin was counted as a part of 
the total, the over-all C)S ratio being 1.0 and Al,.O, added amounted to 1, 
2, and 3 percent by total weight of dry solids. Autoclaving at 175 C for 
16 hr yielded a product containing the principal lines, particularly the line 
at 11.1 A, of tobermorite. This solid did not undergo any significant trans- 
formation in 15 days of moist-air storage (storage over water in a closed 
system protected against CO.) following seven days of vacuum drying. The 
next series Was autoclaved at 165 C for 16 hr, and the 2 percent Al,Os sample 
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also for 21 hr. The products were divided into two portions, one was dried 
in vacuum and the other in a laboratory oven at 100 C. The 16-hr samples 
showed patterns more like the fibrous (SH, but also contained in weak in 
tensity the line at 11.1 A. A marked alteration to the beta-type hydrate was 
observed atter 17 days storage over water. The variations in amounts of 
Al,Os in these samples had no definite effect on the transformation. The 
transformation of the 16-hr sample was only slightly more advanced than 
that of the 21-hr sample. The oven dried sample generally was slower to 
transform to the beta-type hydrate. Although the transformation was 
apparently reproduced, no two patterns agreed completely with each other 
except that the lines were at spacings corresponding to those of the beta-type 
hydrates. In no sample was a complete pattern of the beta-type hydrate 
obtained. Only one exception, as follows, was observed in these transfor- 
mations. The 16-hr sample autoclaved at 165 C, containing 2 percent A/l,O 
and dried at 100 C, manifested in reduced intensities the principal lines of 
the alpha-type hydrate after three days storage over water, after nine days 
the lines were nearly extinet, and at 30 days only lines corresponding to the 
beta-type hydrate were present. 

Transformation of the dried sample to tobermorite in dry storage was 
not satisfactorily reproduced. It is not clear if the samples after the original 
drying differed from that used in the first test (Fig. 8 None of the later 
samples after the first drying and prior to moist-air storage contained the 
lines of hillebrandite as did the first sample. 

Although the transformation of the CSH, to a beta-type solid apparently 
occurred due to adsorption ol water, attempts to revert the solid to the 
original by prolonged in-vacuum drying and oven drying at LOO C were un 
successful. Drying had the effect of sharpening the patterns and changing 
slightly the intensities of a few of the lines Resaturation of the completely 
dried products was also without effect 

The drying-rehumidification tests were repeated with three different 
samples of pure synthetic tobermorite and the fibrous CS//, made with silicic 
acid. The CSH, remained completely unaltered in all tests. Two of the dried 
tobermorite samples, upon rehumidification in moist air, manifested a small 
decrease in the intensity of the 1.84 A line, a small increase in the intensity of 
the line at 1.82 A, and appearance of a very weak line at 1.88 A. These 
changes were not detectable in the third sample tested. It appears, therefore, 
that a dried sample of well erystallized pure tobermorite may undergo a 
structural change upon adsorption of water, but the change is small and, 


therefore, difficult to detect. The line at 11.1 A remained completely un 


altered for pure tobermorite and related samples ranging in moisture contents 
in equilibrium with air at 0.0 to 95 percent relative humidity 

The deductions by Bernal, Jeffery and Taylor* that volume change of 
calcium silicate hydrates, as suggested by changes in the spacing and inten- 
sity of the line at 11.1 A, may be associated with movement of structural 
(interlayer) water similarly as in clays is not substantiated directly. The 
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present observations do not, however, preclude the movement of interlayer 
water but indicate that such movement is not necessarily detectable by 
variations of intensity or spacing of the 11.1 A line. Only at moderately 
elevated temperatures in tests of the present study were the spacing and 
intensity of the IL.1 A line observed to change. 

On the basis of tests on the specimens of fibrous CSH, without added 
Al,Oy it appears that the substitution of the A/’” in this phase is a factor 
in contributing to the instability of the structure when exposed to moist air. 
The tobermorite appeared stable with or without added A/,0;. Although 
results are inconclusive for summary statement regarding the transformation 
to the beta-type hydrate, two factors are indicated as being significant. 
hirst, the adsorption of water produces definite effects which are not reversible, 
and second, the Al?’ appears to be a necessary constituent of the phase in 
order that transformation occurs. Whether the observed trends would be 
altered in prolonged tests cannot be predicted, and long-time tests on the 


phases in question are needed for that reason. 


INTERPRETATION OF RESULTS 


The possibility that the fibers are actually tightly rolled plates would 
afford the simplest explanation for the occurrence of the two forms of the 
solid. This would imply that the difference between the two forms is merely 
one of geometric shape. If this were true, the two solids should manifest 
some similarity in physical properties. Results of test, however, show a 


striking difference. The fibrous solids do not integrate at all, or only slightly, 


and the wet mass shrinks in the order of 30 to 70 percent during drying 


The platy phase, on the other hand, forms a dimensionally stable solid of 
superior strength. 

Heller and ‘Taylor'? prepared hydrothermally a monocalcium silicate 
hydrate in well crystallized form (which later was shown to be tobermorite'') 
and considered this solid to be the same as that (CSH,-C,S./,) previously 
prepared by Taylor’ at room temperature. Small differences in x-ray data 
between the two preparations were attributed to inaccuracies in the earlier 
measurements. Careful measurements on the same types of phases in the 
present studies show that the differences, although small for most lines of the 
spectrum, are in fact real. The present results on the fibrous CyS,/7,- CoS fH, 
are in excellent agreement with the results on the solids prepared by Taylor 
at room temperature. Therefore, it is concluded that the x-ray data, indi- 
cating presence of two similar solids, fibrous CyS,/, C,S,H, and tobermorite, 
are in accord with the results of other tests described in this report. 

The chemistry of fibrous solids of definite compositions, CyS;/7,, CSH,, 
and CS 7, has been discussed in some detail in this report. From the stand 
point of strict definition, these solids cannot be regarded as distinct phases 
but rather as a single phase of variable lime content. The same statement 
applies to the tobermorite series. From a practical consideration, compo- 


sitions within the given range have to be controlled and therefore an under- 
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standing of the chemistry of these solids of different compositions is pertinent 
to a sound technology of hydrous calcium silicates 

On basis of x-ray data alone it could be said, but not with complete cer 
tainty, that the C;S,H, is also a member of the above series. The x-ray 
patterns of all the compositions of the fibrous solids and the C;S,//,, un 
fortunately, consist of only few lines and even these are known to have 
shown variations among different preparations. For this reason, caution 
has to be observed in interpreting these results. Significant chemical differ 
ences! are obtained between the C,S,H, and the CyS;f,-CsS,/7,, and, in view 
of these, the x-ray data become even less convincing regarding the supposi- 
tion that one phase represents the entire range of composition. The evidence, 
however, appears inconclusive for either view and further research on the 
solids will be required before any definite conclusion can be reached 

From the standpoint of technology the low- and high-lime products have 
to be regarded as different solids. To facilitate the discussion of the science 
and technology of these and related solids, the following schematic diagram 
is presented in terms of reactions even though some of these are not definitely 
established experimentally. 


Fibrous CyS.H, — CS, _ Platy CySsHs — CSH* 
A (tobermorite) 





Minus Plus 
Ca(OH )» ; Ca(OH) 








CWS, Beta-type hydrate 
Hydrated beta C,S (hillebrandite ) 
(hydrated C,S?) (possibly hydrated CS?) 





The fibrous CyS;/7,-C,S,/1,, if free of contaminants, is important principally 
as it applies to the science. This solid, however, may be present with or with 
out C7S,H, in improperly cured sand-lime brick. ‘Tobermorite, on the other 
hand, is technologically of interest because it probably is the binder of prop 
erly cured sand-lime brick. The gel-like C)S\//, which may also occur in 
the fibrous habit, but not definitely proven to he so, as it tends to agglomerate 
into rounded grains, is obviously of interest to the chemistry of conerete 
cured at ordinary temperature. 

Beta dicalcium silicate hydrated at room temperature, as shown by Taylor’ 
and also observed in the present studies, is probably also CjS,//, Theo 
retical considerations indicate that pure CyS should also form this hydrate 
at room temperature Taylor, however, called attention to some difference 
in x-ray diffraction of the hydrates of beta CoS and CyS and suggested some 
structural difference may obtain between the two. In this study a paste of 


*Tobermorite may also contain lime in amounts up to 1.25 C/S, but the solid of this composition 


pletely free of related phases, has not been synthesized 
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('yS was ground after a hydration period of 28 days, mixed with additional 
water, and examined by x-ray at the end of 60 days of total time of hydra- 
tion. The pattern differed from that of Taylor in that it contained a few 
diffused lines, extraneous of those of C;S,//,, suggestive of the beta-type 
hydrate. The sample of CyS used, however, contained 1.3 percent Al,O;, as 


a contaminant from the ball mill during grinding between burns, and the 


results are not directly comparable to those of the pure ternary compounds. 


Alumina added as kaolin in amounts as low as 0.4 percent Al,O;, enhanced 
significantly the hydrothermal formation of tobermorite, the fibrous CyS;/, 
being the solid obtained without the added Al,O,. The possibility that Al,O, 
may similarly affect the type of product from C,S and water should not be 
overlooked. 


The fourth product in the schematic diagram given as beta-type hydrate 
(synthetic hillebrandite) was inserted more for purposes of discussing the 
possible products of cement than as a proven product of hydration. The 
effects of AloOy (and Fe.0;) on the CyS,/7/, may require detailed study before 
the binder of concrete can be defined exactly. The reactions or transforma- 
tion among the different solids in the diagram altered by additions of Al,O, 
are No. 1, 4, and 5.) (Reaction 2 involving adsorption or extraction of lime 
has not been studied in presence of AlO;, and the possible transformation 
3 has not been observed to occur in presence or absence of Al,Os.) The en- 
hancement of the formation of tobermorite by addition of Al,O, has already 
been mentioned. Autoclaved conerete block made according to standard 
industrial processes may generally be expected to contain tobermorite!? even 


in presence of relatively large amounts of contaminants. 


The hydration of beta CoS and CyS with added Al,O, has not been studied 
except in the isolated test mentioned. Tests on portland cement, which, 
of course, contains the ferrite phase and minor constituents, in addition 
to the three phases of interest beta CoS, CyS and (;A, were carried out as 
follows to ascertain if the beta-type hydrate is a possible solid in concrete 
block. A portland cement without added siliceous material was hydrated 
following a plant eycle with a maximum temperature of 80 C. The product 
examined by x-ray appeared to consist largely of synthetic hillebrandite. 
Oil-well cement hydrated at 120 C for 16 hr also contained the beta-type 
hydrate as the most abundant phase. In other tests following a plant eycle 
of 80 C as maximum temperature, 40 percent of the cement was replaced by 
either diatomite or silica gel. The product as indicated by x-ray and DTA 
results consisted of the fibrous CSH,-C,S,H, and probably CyS4H,.  Substi- 
tution of either 40 percent tripoli or quartz (passing No. 325 screen) for 
the cement resulted in possibly a mixture of at least two or possibly three 
hydrates (C;S,H,, beta- and alpha-type hydrates). The x-ray patterns, how- 
ever, containing lines of Ca(OH)., quartz and anhydrous beta C.S, were too 
complex for the purpose of identifying definitely the products formed. The 
other observed occurrence of the beta-type hydrate is that according to the 
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transformation (No. 3 in the diagram) of the fibrous (SH, upon drying and 
rehumidification. 


Hydrothermal treatment of the C,S,//, or cement pastes at temperatures 


above approximately 110-120 C, depending on time of processing, results in 


® 


the formation of the alpha-type hydrate* which apparently is noncementitious 
If the raw concrete block mix does not contain a sufficient amount of reactive 
siliceous material and is autoclaved, the alpha-type hydrate forms. It must 
be emphasized that properly designed and autoclaved concrete products do not 
contain any of the lime-rich phases mentioned. 

To illustrate how basic data, such as that presented in this report, can be 
applied for explaining the behavior of concrete, the problem of irreversible 
drying shrinkage of conerete at ordinary temperature is considered. It is 
well known that autoclaved concrete block dried and then resaturated at 
room temperature re-expands to the original volume. This is not true of 
moist-air or low-pressure steam cured products; during the first drying and 
resaturation a permanent decrease in volume is always observed. The com 
plete reversibility of the autoclaved block for the stated conditions may be 
expected because it contains tobermorite as binder which showed no struc 
tural changes during drying and rehumidification tests. The block cured 
by the other methods probably contained at least some of the fibrous phase 
and the C;S,//,. The instability of the fibrous phase, and possibly of the 
C>S,H, because of its structural similarity to that phase, is indicated by 
the conversion to the beta-type hydrate which, when once formed, does not 
revert to the original solid. Obviously, the structural change in going from 
the initial to the transformation solid would have to be a volume decrease 
The substantiation or invalidation of this hypothesis is amenable to direct 
experimental test. 

Application of the hypothesis in a recent report! that movement of 
“interlayer” water is the cause of shrinkage or swelling of concrete (exclusive 
of the permanent initial shrinkage of normally cured concrete) is indicated 
by the x-ray results for dried and rehumidified tobermorite even though these 
were small. Further similar studies on tobermorite, not the pure phase, but 


as it forms in autoclaved concrete products, should prove worthwhile 


FACTORS AFFECTING REPRODUCIBILITY OF RESULTS IN THE SYSTEM C-S-H 


In phase-equilibria studies carried out for the sole purpose of isolating 
equilibrium products, one may disregard several variables in the procedures 
without producing any ill effects on the final result. Among these factors 
are the physical properties of the raw materials such as fineness, temperatures, 
and times of processing within wide ranges, amount of mixing water in excess 
of that required to form a given hydrate, and several others to be mentioned 
In studies, such as the present one, concerned primarily with the chemistry 
of intermediate phases this no longer holds true. Careful control of all fae- 
tors must be maintained if reproducible results are to be obtained. The im 
portance of this cannot be overemphasized 
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Some of the difficulties experienced in the earlier phases of the present 
study and in related studies! *°*'4 are briefly reviewed. It seemed that the 
discussion might be helpful to readers in reconciling apparently contra- 
dictory results from different laboratories and perhaps be of aid to future 
research workers in setting up working procedures in studies of these solids. 

The effeets caused by substituting silicie acid for quartz, all other factors 
being held constant, is apparent from results of this report. Also, it is shown 
that identical products are obtained from the two forms of silica if the proper 
processing conditions are selected for each form of silica. In synthesis* of 
lime-rich erystalline calcium silicate hydrates the form of silica appears also 
to be important regarding the type of solid obtained. In other instances, 
such as the synthesis of xonotlite at temperatures above about 175 C, silicie 
acid and quartz may be used interchangeably. ‘Tripoli, a microerystalline 
quartz of high purity (99.2 percent SiO.) was used successfully in the synthesis 
of tobermorite of 1.0 CS ratio (175 © for 8 hr). In a parallel experiment 
with quartz fines (passing a No. 325 sereen) the product formed was a mix- 
ture of the fibrous phase, tobermorite, and some xonotlite. The choice of 
silica, not only as quartz or silicic acid, but even among different brands of 
silicic acid or silica gel, may have an effect on the kind of intermediate product 
formed. In the preparation of the lime-rich precursor of the alpha-type 
hydrate,* a change from one brand of silicic acid to another altered markedly 
the rates of reaction, and until this difficulty was recognized results of earlier 
tests could not be reproduced. 

Unpublished data of a still incomplete project in this laboratory on the 
compositions of solutions required to stabilize the various low-lime hydrous 
calcium silicates show that gyrolite required a comparatively high silica con- 
centration for stabilization and this explained why silicie acid, instead of 
quartz which is of low solubility, is required for synthesizing this particular 
phase. Parenthetically, it has to be stated that completely pure gyrolite 
Was not obtained; the solutions high in silica also stabilized the fibrous CyS;/7, 
CUS,H, and this phase persisted (as shown by electron microscopy, x-ray, 
and DTA results) in small amounts even to the highest temperature used, 
300 C. Tt was not ascertained if a lower concentration of silica was required 
for preparing gyrolite than that for the fibrous phase. In any case, however, 
it appears that the concentration of silica in solution is a determining factor 
in the type of product that forms. 

Caleium hydroxide occurs only in one crystalline form and therefore only 
the physical state of this solid has to be controlled. In a previous study" 
it was observed that Ca(OH). in erystals about 10 to 70 microns in diameter 
became embedded in the reaction product, a hydrous lime-soda silica solid, 
formed during the early stages of the reaction and thereafter reacted very 
slowly. Substitution of finely powdered Ca(OH). in duplicate tests resulted 
ina marked acceleration of the rate of reaction. Although Ca(O//). was not 
used in large crystals in the present studies, it was observed that previously 
hydrated and dried lime containing agglomerates of the solid up to a size 
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just passing a No. 20 sereen did not react as rapidly as did freshly slaked 
lime in water suspensions. Also, homogeneous solids were not as easily ob 
tained with the granular dried Ca(OH)». as with that in water suspensions 
The best method of introducing the lime appeared to be in the form of a dis 
persed suspension of freshly slaked lime. The quicklime so used must not be 
over-burned and should be of such reactiy itv as to hydrate completely in about 
2 to 4 min at a temperature of about 95-100 C, starting with water at about 
90 ©. Six parts of water to one part of properly burned CaO of reagent 
quality by weight are required for forming a slurry of heavy cream consis 
tency completely free of any visible particles 

If water is added to a mix in an amount sufficient to form a particular 
hydrate, it would be expected that variation in amount of any excess water 
would have no significant effect on the results. Contrary to this belief re 
sults of tests showed that marked changes are caused in the reaction product 
by decreasing the water content from a water to solids ratio of 3.0 to O.8 by 
weight (WS ratio) in mixes made with finely subdivided Ca(OH)» and finely 
ground quartz. The pastes of the low water content having a composition 
from 0.8 to 1.2 CS and autoclaved at 175 C yielded products which tended 
to undergo the exothermic reaction in DTA at a fixed temperature. Similar 
results on cement quartz mixes (W/S of 0.75) have been published.* The 
solids in this series of tests manifested small DTA effects suggestive of the 
presence of a lime-rich phase.'* These results indicate the application of 
DTA for testing the homogeneity of the reaction product As noted pre 
viously,' if the fibrous calcium silicates are homogeneous, each composition 
manifests a characteristic exothermic effect Highly watered suspensions 
of W/S ratios of 6:1 and 3:1 are used in commercial production of hydrous 
calcium silicates, whereas concrete and concrete products are made with 
mixes of much lower water contents. The tendency for the presence of non 
homogeneous solids in autoclaved concrete products is more pronounced than 
in the lightweight hydrous calcium silicate. However, the time of processing 
is a factor; if given time, the products in the low-water content mix should 
react to a stage obtained with the highly watered mixes 

Factors besides those discussed above are the methods of mixing mentioned 
in a previous report,’ possibly the type of storage following the first drying 
and the rate of up-pressure in the autoclaving cycle. The method of prepar 
Ing pastes or suspensions ol the beta CLS and C.S and subsequent treat 
ment of these such as grinding to accelerate the reaction would be expected 
to have effects on the produc ts obtained 

Some of the causes of nonreproducibility of results caused by a change in 
one factor can be explained, such as formation of gyrolite from siliere acid 
and not from quartz. No satisfactory explanation is apparent for others 
One may, however, speculate that the reactivity of large crystals or granule 
of minute crystals of Ca(O//). is due to the formation of a slightly pervious 
| 


lier stages of the reaction 


~ 


The minute crystals of Ca(OH). on the other hand, react completely before 


coating on the surface of the solid during the ear 
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the coating reaches a thickness great enough to become slightly pervious. 
Changes in products caused by decreasing the amount of water in mixes may be 
due to a similar effeet; the reaction products having less intra-particle space 
in Which to precipitate form denser coatings on the still incompletely reacted 
product of reaction. So long as free Ca(OH), is present the initial reaction 
product is the C)S,//, or related solid. It could therefore be expected that 
the solid formed from the last amount of Ca(OH). in the core of the surround- 
ing shell of hydrated product would be a lime-rich phase. This product form 
ing the core, depending on the permeability of the surrounding mass to the 
diffusion of the tons, might react slowly with the residual silica which itself 
may be similarly surrounded with hydration products. 


SUMMARY 


|. Hydrothermal reaction products of Ca(OH), and silicic acid prepared 
under certain conditions at temperatures of 125 to 175 © are fibrous solids 
extending in composition from CyS,/7, to CySyH,. 

2. The compositions of CyS;f,, CSH,, and CyS,//, were differentiated 
by DTA. All, however, showed the same x-ray pattern. 

4. Upon prolonging the autoclaving, the fibrous CyS,/7, transformed 
slowly to the mineral tobermorite, CyS;//;, a platy crystalline solid 

1. The same fibrous products were also obtained by using pulverized 
quartz but the reactions were much slower. The final transformation of 
('S,/1, to tobermorite, however, was comparatively rapid. This difference 
in rate was attributed to the difference in the concentration of silica in the 
aqueous phase. 

5. The initial products in reactions between Ca(OH)». and different forms 
of silica are lime-rich (1.75 CS) phases. Three different types are described 
and the raw material from which they may form are given 

6. The reactions between Ca(O//). and different forms of silica occur in 
steps, the first product always being a lime-rich phase. The subsequent 
products, as more and more silica reacts, for a 0.8 CS mix, in order of forma- 
tion, are as follows: CyS,//,, CSH,, and CyS,/7,, and finally the latter trans- 
forms to tobermorite 

7. Results of studies with x-ray, DTA, electron microscopy, BET nitrogen 
adsorption, and chemical analysis show that two types of similar low-lime 
products have been synthesized; in form, one ts fibrous and the other platy. 

8. The fibrous products do not integrate and the resulting mass upon 
drying undergoes a marked shrinkage. The platy phase, however, formed into 
a dimensionally stable solid of superior strength 
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Title No. 51-51 


Stability of Reinforced Concrete Retaining Walls 
and Abutments’ 


SYNOPSIS 


An analytical method is presented whereby minimum width of horizontal 
base and its relative position can be found for any shape or loading of «a canti 
lever or counterforted retaining wall The method is parti ularly applicable 
to loaded or unorthodox retaining walls such as in basements of some industrial 
huildings, ditch bunkers, and abutments 


INTRODUCTION 


Design of standard cantilever and counterforted retaining Walls whose only 
function is to resist pressure of the retained material is assisted by “direct” 
formulas or charts from which approximate proportions of the wall can be 
found. This is followed by detailed investigation of stability. Adjustments 
are made and investigation repeated if the first assumption is not satisfactory 

Stability of retaining walls carrying loads, or those of unusual shape, is 
investigated by the same procedure of selection and trial but no general 
formulas exist or can be developed to assist in the first assumption.  [t is in 
this type of retaining wall that determination of the base is particularly 
difficult. The procedure involves various corrections to an assumed base, 
each followed by an analytical or graphical examination of stability. With 
complicated loading, the number of such operations may be considerable until 
a final solution is reached. [ven then it is not always certain if the design 
is most economical. 

There are two unknown factors with regard to the base of a retaining wall 
the width and relative position to the wall proper — with an unlimited number 
of combinations of the two. Theoretically, only one such combination will 
satisfy all conditions of stability with maximum economy. The proposed 
method reduces the choice of the base to its width only. The other unknown 
factor, its relative position, is found. The tedious work just mentioned is 
thus eliminated and the problem solved with two or three assumptions of the 
width followed by simple computations 

The method is not approximate. In all its operations actual loads are intro 
duced and the results are final. 
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NOTATIONS, DEFINITIONS, AND SIGN CONVENTION 


\ total vertical load 


coefheients in equat “TOT VJ ind \ 
\ \ We + W, 


eccentricity of resultant fore specified allowable ground pressure 
r face of base (¢ WN iso actual maximum ground pres 
height Irom top of base to top 0 sure 


backhill (or to top of ircharge pecified limit of also 


one t isstitned tual ¢ 
total horizontal loud om re i 
passive resistance of earth in front 


wissse ol wall 


Poach portion a 
| \ unit weight of earth in backfil 
plane 7 

sidth of base weight of base 
cocfheient of trietion between bas j weight of earth hove thre hee 


ind oil Wy, wha 


total moment about center of lower width of heel 
lace of bose J Ve 


moment of N\ or its component 


vertical plane tungent to the back 


face of wall proper 


ibvcntt plane ) 
Moments consistent with overturning moment 

moment of MH, or its component inn ——— 

| ure Ositive 

ihout lower face of base po 


pecified factors of safet over VIoments Opposite fo overturning moment 


turning, sliding ilso onetual co ire negative 


efficients of safet Loads and moments are per loot of 


THE CONCEPT AND BASIC EQUATIONS 


Iexamples of various types of retaining walls under consideration are shown 
in Fig. to) They are all composed of the wall proper, the counterforts (if any 
and the base. The wall proper may be vertical or inclined, straight, broken or 
eurved, and may act as a cantilever or be supported by counterforts The 
hase is horizontal and of rectangular section 

) 


Loads acting on a retaining wall are shown in Fig. 2. They can be divided 


Into three yroups 





\ 
| y PLANE Yy 


























7 





Fig. 1—Position of plane Y in various types of retaining walls 





Loads inde pe ndent of l and a These are weights W i iI et ot al 
conerete and earth within the space ¢ nelosed by the top ol the base, externa 
outline of the wall proper, and plane };* earth pressure 7??; and loads Ly, Le, L 
etc , (vertical or horizontal acting on the wall proper or on the toe All these 
loads are known The magnitude and position determine the values of N 
MH, M,, and My 

Load dependent on |— Weight of the base, Wy, 

Load dependent on « Weight of earth above the heel, W, wha 

Let the position ol the base in relation to the wall propel be variable I his 
can be expressed by the variable width of the heel, 4 Assuming that the 
width and weight of the base are known, total moment about center of base 


and total vertical load can be expressed “as lunctions i 


in log | 


) 


It will be noticed that a is independent of 4, and 6, ¢ and d can promptly be 


modified if the width of the base is altered All the coefficients must be giver 


proper signs resulting from the equations.4 


Fig. 2—Loads acting on a retaining wall 


*] 
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With eq. (1) and (2) established, a relation can now be found between the 
position of the base and each condition of stability governing the design of 
retaining walls 


Distribution of ground pressure 

It is generally required that ground pressure should extend over the whole 
area of the base, a¢., el S 0.167.* For plastic or yielding soils the limit is 
further restricted to prevent excessive differential settlement and tilting of the 
wall. The condition in general form is e/l S r or M/NI Sr. Substituting 
ig. (1) and (2) for WM and N, it becomes: 


as + (h Zalr) x + (¢ dir) = O (3 


If Pp and p are maximum and minimum pressures under the base, then p’ p 
(1 —6r)/(1+6r). The relation is shown in Table 1 from which proper values 
“an be selected 
TABLE 1—VALUES Of, r AND p’ p 


0 002 O O4 0 O06 008 O10; O12 0 14 016 O. 167 


1o0o O78 OG] 0.47 | 0.35 | 0.25 | 0.16 | 0.09 | 0.02 0 


Safe ground pressure 
Maximum ground pressure under the base must not exceed the specified 
value of p, N/L + 6M/P S p. Substituting Eq. (1) and (2) for M and N, the 


condition becomes 


al l : 
as + bh 4 ) Se 4 € 4 (d lp = () 
3 t) 


Sliding 
A retaining wall which resists sliding by friction between the base and the 


soil and by passive resistance of earth in front of it must carry such a load on 
the foundation that condition wN + R 2 n,/1 is satisfied. Substituting Eq. 
(2) for N, the condition becomes 
nH R 
d 
2a 
Since each of the factors on the right-hand side of the inequality is positive, 
no heel is required when d 2 (nJ1—R) yu. This may be the case of a heavy 
permanent load acting on the wall Usually, retaining walls require extra 
earth load on the heel for their stability against sliding, especially when 


passive resistance does not exist. 


Overturning 

If a retaining wall is founded on rock, safety against failure by overturning 
is secured when Vy/My 2 n., where My is moment of all vertical loads 
about the toe. Substituting .W/ N1/2 Wy for My and Eq. (1) and (2 
for M and N, the condition becomes 


f 


ee Concluding Remarks” for treatment of cases where 





STABILITY OF RETAINING WALLS AND ABUTMENT 


n | | Ss 0 


Eq. (3), (4), (5), and (6) represent the four basie conditions of stability. 
Kach equation sets a limit or limits to the position of the assumed base. Slid 
ing is prevented when sufficient heel is provided as computed from Iq. (5). 
Other requirements are satisfied when the heel is maintained within limits 
found from Eq. (3), (4), or (6). Since a is positive, the last three inequalities 
are fulfilled when x lies between roots of the corresponding quadratic equa 
tions.* These roots, as well as those of Eq. (7) below, can be found from 
Table 3 and Eq. (¢) in the appendix. 

The most favorable position of the base from the angle of pressure distri 
bution occurs when e = M/N = minimum. Substituting Iq. (1) and (2 
for M and N and putting de dr = 0, the condition of minimum eccentricity 


becomes: 


hd 
ax? + dr 4 ( = () 
2a 


iq. (7) does not represent any particular condition of stability but may 
useful in determining final position of the base already selected 


DESIGN 

Application of basic equations to design 

The proposed method is a selection and trial procedure in which the width 
of the base is assumed and its relative position found from Eq. (3) to (6 
The problem is solved when all conditions of stability are met simultaneously 
with minimum width of the base, 7.e., when the resultant limits of « obtained 
from Eq. (3) to (6) are real, feasible, and close. The width must be increased 
when any particular limit is imaginary or when the limits are real but conflict 
ing. On the other hand, the width must be reduced when the resultant limits 
are too wide apart. An “ideal” assumption of the base is when the resultant 
limits coincide,t as in Example 2, but it should be considered satisfactory if 
they are | or 2 ft apart. Final position of the base can then be chosen at any 
intermediate point. eq. (7) can be used to help in the choice but it is only in 
certain cases that the position of minimum eccentricity comes within final 


limits obtained from conditions of stability. 


In practice the number of conditions to be considered can be reduced hog 
(6) should be used only for walls founded on rock. Where a retaining wall is 
prevented from sliding by a structure or floor in front of it, or is carrying a 
heavy permanent load, Eq. (5) can also be omitted. Only two equations 
kq. (4) and (5) for poo! soils o1 Iq. (3) and (5) for firmer soils, can be used 
in cases of nonloaded or lightly loaded retaining walls which resist sliding 


by friction, possibly assisted by a limited passive resistance of earth 


*When one root is positive and another negative, there is on one limit, z S posit 
tSee definition of minimum width in “Concluding Remarks 





Checking equations 
After the widths of the base and the heel have been found values of VW and 
V are computed from Eq and (2) and stability of the structure cheeked 


vith the following equation 


Procedure 
Phe COMMpPULATLON Is made per Toot ol wall and the procedure Is as follows 
1) Design the wall proper 
1) \ssume or compure the depth ol the base In cantilever walls it can be assumed 
equal to the thickness of the wall at the bottom. In counterforted walls it ean be 
computed for load wh, reduced b p trom Table 1. a it continuous slab supported ly 
counterforts.* General! mall variations in depth of the base have negligible 
on finial re sults 


¢) Find loads independent of / and x a specified in the preceding paragraph 


d) Compute N,, H, M., Ma, R, and a wh /2 
e) Assume / and compute Wy 
Find coefficients b, ¢, and d from Eq. (la) and (2a 

gy) Kind limits of « for selected conditions of stabilit outlined above For 
liding use liq. (5) directly, for other conditions use Table 3 and Iq. (¢) in the appendi 

h) Tf the result is not satisfactory, change / and repeat operations (e) to (gz) until the 
resultant limits are close enough 

1) For final / and 2 compute Wand N from Iq. (1) and (2) and check stability with 
hig. (8) to (11 


Where complex dead, live, traffic, crane, or wind loading occurs, two or more 


combined loads must be selected and the procedure carried out simultaneously 
for each load. Sliding should be investigated under dead load only. Considera 
tion should also be yiven to the sequence of loads applied, C.q whether back 


filling Is to precede orto follow erection of thre uperstructure 


EXAMPLES 
Example 1 


Find the base of a ret uning Wall founded on L poor soil under the following «as 
p 1S Kips per sq it, 7 Ol, n 15, ou | kip per cu ft Dimensions o 
proper, depth of the base, and loads are shown in Fig. 3.) The superstructure is to 


ind « conerete floor in front of the base cust prior to toa k filling The wall is 
from sliding by the floor 

For simplicity the trapezoidal section of the wall proper is 
rectangle Starting trom pont d) of the Procedure 

\ 2.37 + 2.00 = 4.37 kips Vv 2 


j 





Fig. 3—Retaining wall in Examples 1-3 Lkips D1 
pe /8 
= 
Oe ee ca he 


Xo 
% 


1237 kips 











hy 


JOURNAI THE AMERICAN CONCRETE 
11.57 


6 * 0.084 


kip per sq ft 
x 


2.54 


Example 2 


of the 


earth R 


Value 
almost 
First a 

Wy 


Since limi 
assumed 
Second a 


MW Ki 


Resultant 
of 1 where 
Checking of 

Kg. (1 

hq. (2 


the 


resists sliding by 
O5 kip 


sof N,, H 


entirely by 


Iriction (yu = 


Factor of safety against sliding n 1.5, 


V., Mu 


Irniection 


and a are the same as in hexample 


a wider base is required 
umplion: l 11 ft 


Lp x Fi xX Gis 
4.57 0.825 & 
1.70 11 
O.825 i] 


1.03 * vy 1.05 


- 6.45 ft 
~*~ O.825 

ts of « for maximum pressure and sliding 
It is evident, however, that only 
umption l 12 it 
12 * 0.15 
O825 & 


1.5 &X 2.70 


12 


») 


“se 


6.40 ft 


; 6.30 ft 
2  U.825 


limits are 6.30 


r= 6.40 It 
resultant 


limits coimeicde 


This is the case 


ol: 


lability: assume | 12 
V O.825 
\ 3 


2 * 0.825 & 6.33 


xt 


7.6 kip it 


0.4) and 
other 


conflicting 
a small increase is necessary 


in almost 


INSTITUTE 


Find the base of a retaining wall as in Example | assuming that there is no floor in front 
base and the structure 


passive resistance 


ol 
conditions as before 


| 


Since sliding is resisted 


a larger base must be 


ideal 


HSSUIMptior 
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Note the difference in the width and position of the base in Examples | and 
2. It would be considerably larger had the wall been not loaded and passive 
resistance of earth not assumed in Example 2 

In both examples checking for overturning was done only to demonstrate 
the use of Eq. (11). It can be omitted in all cases where foundation material 
is other than rock. 

If 6; and 6, represent differences between the upper and lower resultant 
limits of 2 for assumed /; and /s, respectively,* /; being smaller than /2, and 
if 64 = /, — /;, minimum width of the base can be obtained approximately by 
linear interpolation or extrapolation using Eq. (12 

l = |, ké 

where k = 

t) 6 
Similarly, if 2; and sz, represent upper limits of 2 for /; and /», respectively, 
and 6, = 2X2 i), position of the minimum base can be obtained from Eq. (13) 


r2z=z2t+ké, 13 


Application of Iq. (12) and (13) is shown in Example 3 


Example 3 
Let the second assumption in Example 2 be / 3 ft instead of 12 ft Phe resultant limits 

of z can then be found as being: 6.18 S x S 7.72 ft 

First assumption: | 1) ft: 6, = 5.00 6.45 1.45 ft 


Second assum plion l 1:3 it 6 7.42 6.18 


72 5.00 


Kg. (12): 1 = 11.00 + 0.485 XK 2 
Kq. (13): 2 = 5.00 + 0.485 X 2.72 
The figures obtained are in agreement with the result of the second assumption in Example 2 
By using Kq. (12), the number of trials can always be reduced to two 
provided the assumed /; and /, are reasonably close to the minimum width and 
the limits of x are real.f With the same reservations, final computation can 
be reduced to checking of stability if position of the base is found from Eq 


(13). 


CONCLUDING REMARKS 


1. When applied to standard nonloaded retaining walls, the proposed method 
eliminates any arbitrary assumptions with regard to the relative position of the 
base. It ean be found that in many cases the olten recommended toe-to-base 


ratio of 1/3 is not justified 


yA Definite economy mn excavation and concrete can be obtained hy design 


ing nonloaded or lightly loaded retaining walls as prevented from. sliding 
wherever this is justified by the existence of an adequate lateral support in 
front of the base at the time of and after backfilling 


*It follows that 4 is negative when the limits are conflicting 


tTo avoid imaginary limits, it is advisable to start with a base 








AMF 
fa rr 


3. Wherever practi ible, backfilling of loaded re talnlnig Wallis or abutments 
hot preve nted from iding hould be post poned until after erection of the 
uperstructure With this a Winiption, a maltler base | sult except when 
heavy live loads occur 

$As «a result of the foregoing discussion, the following definition can 
be formulated Width of the base of a retaining wall or abutment is minimum 
when resultant limits of the width of its heel coincide 


Usually each of the tw limits is determined by a different condition of 


tability and the “ideal : i¢., the base of minimum width in its right 
POrsttion “atisiv these two conditions at their limits, other conditions being 
atisfied within their limits In some cases, however, both the coinciding 
limits of the heel are determined by the ame condition of stability and limit 
of this condition only is reached with the “ideal”? base It mav, therefore, be 
concluded that no general criterion of minimum base can be based merely on 
final results of investigation of stability 

5. Where, in cases of very firm ground or rock foundation, an uplift of the 
heel is permitted (7 O.167), keg. (4) and (9) for maximum pressure do not 


apply and the follow y should by 


Al] other equations and the procedure remain unchanged 


If mis the horizontal base of the triangle of pressure then m / 3(0.5 


Phe relation is shown in Table 2 from which values of r can be selected for 


TABLE 2—VALUES OF r AND m | 


A) 


However, distribution of pressure is not alws of importance 
and Iq. (3) can often be omitted 

Where the foundation 1 olid rock and no sliding is possible 
can be determined with hg fa) and (6) for heavily loaded and leg 


for lightly loaded or unloaded retaining walls 


APPENDIX 


Sitar 
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In both « 
Coefficient 





JF RETAINING WA 


3—COEFFICIENTS » AND » IN EQ. (b) 


Condition quatior 


Pressure distribution 


Sale pressure 


Overturning 


Minimum eccentricit 

















Title No. 51-52 


Precast Prestressed Lightweight Concrete 
Construction® 


By ARTHUR M. JAMES? 


SYNOPSIS 


Design, fabrication, and erection of precast and prestressed floor and root 
beams and slabs of lightweight expanded shale concrete are deseribed \ 
discussion of the elastic modulus of expanded shale conerete is based on 
measured camber at prestressing. Cost data on the beams and slabs and a 


ird test of one prestressed beam are included 


INTRODUCTION 


The two jobs deseribed are interesting not for their size or complexity 
but because they demonstrate that precast prestressed concrete is reasonably 
competitive for fairly small Jobs, even at considerable distances from the 
casting vard. The use of lightweight concrete extends the economical hauling 
range trom casting vard to job site The costs of the beams and slabs even 
on these small jobs show that, where properly used, prestressing make 


CCONOMIC SeTISe 


JOB DESCRIPTIONS 


Qne project was a two-story warehouse and office with 40-ft clear spans 
between two-story tilted up concrete walls (Fig. | Prestressed beams 
designed for 100 pst live load supported the second floor Beams were 32 in 
deep with a 20-in. top flange. The roof was carried on 26 in. deep beams 
with an I8-in. flange. The other project was a television studio and tran 
mitting station Here the beams were designed for a roof load including an 
allowance for ice fall-off from the tower Sections of the beams and then 
significant design constants, together with the safety factors used in) the 


design, are shown in Fig. 2 


In both jobs the beams supported precast usse mbled concrete plank floors 
On the second floor of the warehouse, these plank received a 2-in. concrete 
topping and negative steel over the supports; on the roofs of both building 
the slabs had continuity steel in top grooves between slabs over the support 
These rods were bonded by a slurry of grout used to fill the key joints, but 
no topping slab was used rooling being applied directly to the slab 

*Received by the Instit 8 1954. Tit 
Concrete | 


Discussion (copies in triplicate 
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= Fig. 1—Two-story warehouse with 
bes a tilt-up walls utilized both precast 
~ prestressed beams and prefabri- 


= cated floor and roof slabs 


DESIGN OF BEAMS AND SLABS 


There was nothing unusual about the slabs. They were made of lightweight 
expanded shale block with grouted-in reinforcing and a certain amount of 
prestress by [:mpire Prestress Concrete of Oregon, which has been manu- 
facturing them for several years. They do have one advantage over some 
other types in that they can be locked together with a minimum of grouting 
due to a key joint on the edges at the top of the slabs. Also, continuity 
steel can be placed in these joints and continuity of a limited sort obtained 
without using any topping slab. They make a much more rigid and satis 
hactory diaphragm than precast elements which are not joined on the edges 
and not able to transmit moment between panels. This is important in 
seismic areas (such as the Pacific Slope) where any floor or roof which cannot 
funetion as a diaphragm for transmission of lateral forces is a decided liability 
in building design 

The beams for both jobs were designed with the same basic stresses: 

f 5OOO psi at 28 dave (ultimate 

f O4 ff,’ 2000 psi (working 

2/3 f 3300 psi at transfer (strength required at time of stressing 

/ OOF 2000 psi (maximum stress at prestressing 

Final tension under load () 

Tension at transfer / 167 psi (allowed in top flange at prestressing but mild steel 
provided to distribute 

Steel at transfer 0.67 &* 250.000 167,000 psi 

Steel after losses 167,000 * OS 134,000 psi 

None of these basic design stresses bears comment except perhaps the 
allowance for losses in the steel The concrete was expanded shale aggre- 
gate concrete weighing around LO tb per cu ft Since this type of concrete 
has a lower modulus of elasticity than gravel concrete of comparable strength 


and a proportionally higher deformation under load, it was decided to in- 


crease the allowance for creep and plastic flow from 15 percent of steel stress 


to 20 percent. Shrinkage was almost completely eliminated by steam curing 
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before tensioning and use of practically no-slump conerete, so it) was not 
considered an important factor in contributing to prestress loss 

Shape, depth, width of flanges, and location of prestressing steel at the 
center of the beams are shown for the three beams in Fig. 2. It is beyond 
the seope of this article to discuss the theoretical considerations which led 
to the selection of the three different shapes. For a comprehensive discussion 
of shape selection the reader is referred to Guyon* and Magnel.t 

However, there were some factors which affected the choice of these shapes 
In the first place, the two jobs were 120 miles from the casting yards. The 
television station Was on top of a small mountain with the access road so 
steep that trucks carrying materials had to be pulled part way by tractor 
rection on both jobs was handled by contractors unfamiliar with prestressed 
conerete construction It was decided to make the beams in rugged shapes 
to stand the haul and erection. In addition, a certain percent of unstressed 
reinforcement was used to take care of load overhang in hauling and as 
insurance against rough handling. The author feels that a minimum amount 
of mild steel reinforcement in both top and bottom flanges is a good invest- 
ment. Four #5 bars or 1.20 sq in. were used in each flange of the I-beams 
and 0.93 sq in. in the rectangular beams. 


There are, of course, many shapes and sizes of beams which will do a given 


job in prestressed design, but they fall mainly into three groups:  I-beams, 


I-beams and inverted T-beams, and rectangular beams. Generalities are 
often dangerous and subject to many exceptions, but here are a few which 
we use us guides: I-beams are generally most efficient; they are also the 
most expensive to form and cast. T-beams are next in efficiency and only 
have one flange to form; rectangular beams are lowest in efficiency, highest 
in dead weight, but they are the cheapest to form and easiest to cast. The 
number of beams required of a given shape and size is a factor \ faney 
I-shape is more reasonable where the form can be re-used enough times to 
cut the unit forming cost down. In the case of the TV station only four 
beams were needed, so it was not worth while designing anything hard to 
form; it Was cheaper to use extra concrete and steel. However, on longet 
beams with heavier loads the rectangular shape is too wasteful to be considered 

Basic safety factors used in our design were 

Cracking moment dead load moment plus 1.5 times live load moment 

Ultimate moment dead load moment plus 3.0 times live load moment 
The cracking moment is computed based on allowing 700 psi in tension with 
no allowance for the mild steel. The ultimate moment is simply A,f,jd 
An examination of the safety factors listed for each beam in Fig. 2 will show 
that these are not the exact factors arrived at in each case; beams were de- 
signed and then checked to see that minimum safety factors required by 
standards were met. In addition the shear and maximum principle tensile 
stress, and the bond stress were checked. These three stresses were so small 


*“(juyvon. Y Prestressed Concrete, Chapter 4, John Wiley and Sons, Ine New York, N. ¥ 
tMagnel, Gustave, lrestressed Concrete, 2nd edition, Chapter 4, Conerete Publications, Ltd., London 





as to be negligible and not a significant factor in these designs \ series of 
deflection calculations were also made see properties ol prestressed beams 
Fig 2) and were a Valuable check on the prestressing forces and the assumed 


ki. values 


Warehouse second floor bean 

Computed camber due to prestress 5DO317 OOOO LL.7 C480 
APEL 18( 2,000,000 )( 44,228 
iS ke] 

Deflection due to beam dead load 5( 47.200 (12 ( 480 
ML SC 2,000,000 )( 44,228 
iS bk] 

Net camber after prestressing 

This compares with the iverage measured value of camber for four beams of 

; . 
Warehouse roof hean 
J HO 192 0000 LOC ASG 
( omputed ¢ iumber due to prestress 
186 2.000.000 )( 21 S80 
5037, 100 )0 12 (0 486 
Deflection due to beam dead load 
18 2.000.000 )(2 L S80 
Net camber after prestressing 
This compares with the average measured value of camber for 


Television station roof beam 


DC TS1 000 040536 
( omputed ¢ amber due to prestress 
S62, 000 000 0 SS30 


5( 14,700 (12 (0336 
Deflection due to beam dead load 

180 2,000 000 )( 5S30 
Net camber after prestressing 


This compares with average measured value of camber of four beams of 0.50 


Modulus of elasticity of expanded shale aggregate concrete 

The value of 2,000,000 psi used in the deflection and camber caleulation 
is thus seen to be justified for the instantaneous modulus of this conerete 
This confirms the values obtained in research sponsored by Empire Building 
Material Co. on the same aggregate at the Oregon State College Engineering 
Kxperiment Station and published in August, 1951, in Bulletin No. 30. “dex 
panded Shale Aggregate in Structural Conerete.” | aggregate from the 
same manufacturer they arrived at a formula for the modulus of elasticity 
of: 750,000 + (250 * f."), which for D000-psi concrete gives LE equal to 
2,000,000 psi. This value is substantially different from values reported by 
J. A. Murlin*® and Fred kk. Koebel.t The author believes that Eo values are 


very much a matter of the particular aggregate and mix used, and should 


y 
be determined for each particular lightweight aggregate used Onee By 
| 


determined it is used in another part of the operation, namely the prestre 

ing. In computing the amount of elongation of the wires to get the desired 

prestress there is a correction made for nonsimultaneous prestressing Phat 
| 


is the loss in prestress in all units previously stressed as each new one j 


t ¢ 
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stressed To correct for this it is common practice to overstress all cables 
an amount calculated to compensate for this loss. This amount of overstress 
is based on the ratio of F (steel)/E (conerete), and for this aggregate using 
Ky, as 2,000,000 the overstress is double that for gravel concrete In the 
uses of the three beams shown it only amounted to increasing the over 
tress allowance on the average from 1.5 to 3.0 percent of final total pre 
tressing force, so does not affect the operation significantly 


BEAM MANUFACTURE 

Forms 

Forms were ®4-in. plywood sides and bottom. One set of sides sufficed 
for each of the three beam sections, although the forms for the warehouse 
rool beam, which required six castings, required some repairs \ note on 
ection it is wise to avoid too flat a slope in the bottom flange since thi 
makes it hard to fill and causes rock pockets It was found wise to chamfer 
all corners, since stripping green conerete to set-up for another casting 1 
hard On right angle corners Iso, at the time of prestressing when the bean 
cambers, it throws all the beam weight on the ends at the bottom: a green 


sharp corner tends to chip off 


Casting 
Concrete w: placed from a Scoopmobile; being practically mo-slump 
conerete it Was vibrated hard to push it down through the 5-in vebs There 


Was no form trouble except when a workman forgot one of the bolts in the 


bottom flange: a bulge formed and had to be ground off lates Forms must 


be built and braced exceptionally well to take this kind of use Care must 
be taken not to move any of the prestressing cables during casting and for 
this reason form vibrators would have been more desirable than the regular 
Vibrators used The position ol the cables must be maintaimed and tirrups 
and mild steel should be tied in to them so they cannot move Another 
reason for external vibration is to avoid damaging the sheathing around the 


cables causing them to bind or freeze in the sheath 


Jacking and grouting 

All cables were composed of twelve O.196-in. diameter wires and were stressed 
from one end using a Freyssinet jack. They were anchored with standard 
reyssinet cones, and grouted through the center hole after all cables in each 
beam were stressed sefore grouting the camber was verified with the result 
previously given. This check on predicted versus measured camber is a 
valuable one in the author’s opinion since it) verifies the accuracy of the 
prestressing Lorces and their location and effeet on the beam 

one thing to bear in mind is to leave enough room on the jacking end 
maneuver the jack into position. Crenerally speaking it isn’t economical to 
proy ide enough bottom steel to move the beams before stressing, so clearances 
must be pro ided at one end for the jac k Another thing noticed was that 


pressure gages tend to get out of adjustment in shipping or use and elongatiot 


mile 





should be checked both on the live end and slip on the dead end to 


the correct net elongation desired 


BEAM TEST 


One of the TV station roof beams was stressed before concrete had attamed 
a strength of over 3300 psi. The morning after stressing it was observed that 
the lowe! anchorage Cone on the jacking end had slipped Ith 4 Ih and caused 
a small piece of the end of the beam to shear off. There was a concentration 
of stress in this region due to the two 8-in. O. D. pipe inserts in the bottom of 
the beam 1!o5 in. high and 4 in. from the end of the beam It was felt that 
these inserts aggravated the stress concentration back of the lower anchorage 
cone and it Was more than the green conerete could take In the other three 
beams where the concrete had higher strength before stressing there wa no 
distress in this region 


It Wis decided to patch the end ol the beam and load test the beam to 


dead load plus 1.5 times live load in the casting vard The pate h Was made 


using a proprietary coating on the joint to aid bond and after it had become 
tacky troweling on the high strength patching material Then the patch 
and the beam were cured in the steam room for 48 hi Phe beam was loaded 
with pallets of conerete block. Deflection was measured by reading an engi 
neers seale through a Dumpy level: using the 5O0-seale, reading vere obtamed 
to O.O2 in Phe ends of the beam were checked for settlement and O.06 in 
detected under load at one end. Readings were adjusted for half of thi 
amount at the center I ig 4 shows location of the loads and a load-defleetion 
curve for the beam The patched end and the whole beam were carefully 
examined for cracks or signs of distress during and after the test and none 


Wa detected After removal of load recovery Vil 100 pereent and the 


beam Vi shipped to thy job 








Fig. 3—Load-deflection curve 
for 28-f roof beam 
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Discussion of the effects af cable slippage on the cracking and ultimate safety 


Factor \ brief analysis of the effects on the strength and safety factors 
of this beam is hereafter presented 


Prestress force after 4-in. slippage of one cable (2.14 in. is net extension to get 167,000 


cable is 0.362 sq in. * 167,000 60,500 |b 
No.3 cable ts (0.5/2.14) * 60,500 14,100 Ih 
etained in No. 3 cable 16,400 Ih 
181,000 Ib 
14,000 |b 
167,000 |b 
eccentric 1400 * 6 278,000 
HO 500 *« 4 242,000 
HO 500 * 2 121,000 
641,000 
167,400 
Vew cracking moment 
Assuming 20 percent prestress loss then 167,000 * O80 154,000 
\llowing 700 psi in conerete tension at cracking 
P/A + Pe/S + M/S 700) 
134,000 216 + (134,000 * 3.84) /648 VV 648 
Solving for M 114,000 ft-lb (eracking moment 
14,100 ft-lb (dead load moment 


GHO.900 ft-lb 


: 1.7 & live load moment 
14,1000 ft-lb 


Thus the cracking safety factor Is seen to change from DL plus [io Mw &S. 
to DL plus 1.7 * LL which is still greater than the design standard of DL 
plus 1.5 * LL. The ultimate safety factor, being based on the area of steel 
x steel ultimate strength & 7 & effective steel depth, changed not at all 
but remamed DL plus 5.16 * LL. This characteristie of beams with bonded 


prestressing is reassuring, and worthy of some consideration 


HAULING AND ERECTION OF BEAMS AND SLABS 


hiy. | shows how the beams were hauled. Note that the permissible over- 
hang on the ends is limited by the cantilever moment stress in the top which 
is additive to the effeet of cable eccentricity In addition it was felt that 
ona long haul like this the possibility of impact and vibration from whipping 
of the cantilever end could produce more moment so an allowance of LOO 
percent was made for this effect. In one beam it was found advisable to add 
additional mild steel in the top near the ends to carry this hauling overhang 
moment There was no damage to beams during hauling Icrection Was 
by single crane using a spreader. This spreader, as can be seen in Fig. 4, was 
too short to do much good and there were bending stresses in the lifting 
hooks, which in this case were I-in. diameter reinforcing bars Since the 
casting vard cannot control the contractor’s lifting equipment, it was decided 


to place the lifting hooks on a slope on tuture jobs to correspond to the angle 





Fig. 4—Erection of beams on two-story Fig. 5—Erection of block slabs on two-story 
warehouse warehouse 


of lift lines and advise the contractor to arrange his { \ thi 
slope. This has worked out well on later jobs 

Method of hauling the slabs is shown in Fig. 5.) This worked out well. but 
there was a higher percentage of breakage on this particular trailer due, it 


Was felt, to its extreme flexibility in the bed Clanva lings were later used 


to handle the slabs (Fig {) and resulted Ith less edge chipping and luste! 


easier handling. Mention should be made that in computing the maximum 
truck loads of both beams and slabs the reduction ino weight of almost 30 
percent due to use of expanded shale aggregate was very important. Maxi 
mum Wheel and axle loads are strictly regulated in Oregon and loadings were 
based on these regulations, each load being weighed before departure. Full 
1, more truck round trips of 240 miles would have been required with heavs 


concrete 


SUMMARY OF COSTS 


Price of the block slabs at the plant is standardized at 65 cent per sq it 
for the 4-in. depth and 85 cents per sq ft for the 6-in. depth. Five cent 
per sq It is allowed for city delivery rection cost ary depending on the 
area and the height to which slabs must be raised, as well as the efficieney of 
the contractor in placing the slabs \ fair range would be 5 to 10 cents per 


sq ft. These prices will cover the grouting of side key joints bet 


Fig. 6—Setting 6 in. deep block slabs with 
canvas slings and spreader on television station 
roof 
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Kor a 2-in. topping slab there is an added 20 


and the ends over bearings 
cents pel sq it 

Beam prices are harder to tie down without going into considerable detail 
Cost of each job is broken down into amounts of prestressing steel, concrete, 
and mild steel reinforcement; forming cost based on shape and size of membet 


and number of form re-uses; labor in placing, stressing, and grouting the 


prestressing steel; costs for engineering and shop details; handling and loading 
All these will vary for different casting 


costs; selling, overhead, and _ profit 
vards and different localities. From 
impire Prestress Concrete of Oregon, for whom the writer’s firm is consulting 


a series of recent jobs furnished by 


engineers, the following table of general prices apply. 


Span range Cost in dollars pet sq It ol tributary area 
0 50 
0 65 
0 SO 


25 350 
40040 
1 50 


These are based on roof loads and lightweight conerete construction, with 
i total of about 50 Ib per sq ft dead plus live load, and a minimum of four 
lor example, consider a beam spanning 50 ft clear with center 


form re-uses. 
would be estimated at O.8O & 16 


to center spacing of 16 ft. Beam cost 
$12.80 per lineal ft of beam. The table stops at 50 ft span length because 


this is about the limit for casting yard fabrication 


CONCLUSIONS 


(ireater clear spans at lower cost are possible through lightweight 
st and prestressed concrete beams and slabs fabricated at casting yards 


Lightweight concrete extends the economical hauling range from casting 


3. Engineering and close control are practical on both small and large 
jobs manufactured at yards 
1. These products and methods make concrete roof and floor structures 


more competitive with other materials 
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Strength of Continuous Prestressed Concrete Beams 
Under Static and Repeated Loads’ 


SYNOPSIS 


Basic principles underlying the behavior of staticall indeterminate pre 
stressed concrete structures were Investigated by testing four continuous 
beams, each 50 ft long. The cracking and ultimate strengths of these beams 
were measured and evaluated for static loads as well as for reper ited louds upto 
5,000,000 cycles Seam reactions, deflections, and strains were recorded for 
inalysis The effects of adding nonprestressed mild steel reinforcement were 
studied 


INTRODUCTION 


Questions have often been raised regarding the behavior of statically in 
determinate prestressed concrete structures, as distinguished from statically 
determinate structures on the one hand and from indeterminate reinforced 
ones on the other. The condition of statical indeterminacy in. prestressed 
concrete imposes several new problems, foremost among which is the accuracy 
and applicability of the elastic theory such as used for analysis of other stati 
cally indeterminate structures 


All engineers agree that, under working loads, prestressed structures follow 


the elastic theory more closely than reinforced concrete, owing to the non 
existence of cracks gut there have been questions as to whether the crack 


ing of conerete can be predicted by the elastic theory, using the flexural ten 


sile strength as determined by plain conerete specimens.f Some engineers 


believe that previous to cracking there will be sufficient) plastie behavior of 


conerete in tension so as to delay the appearance of cracks.§ Henee one 


purpose ol these tests was to determine the accuracy of the elastic theory for 

computations in continuous prestressed beams right up to cracking 
Regarding the ultimate strength of statically indeterminate prestres 

structures, there is general agreement on the applicability of the plastic 


hinge theory** as it has been applied to other materials However, the accu 
*Presented at the ACI Seventh Regional Meeting, Los Angeles, Cal 
f copyrightes ri t oF ® American Concnherete Ine \ " 
separate prints are lable at of cents eact Discussion os in triplicate 
han Sept. | mw ddress 15 MeNichols Rd., Detroit 19, M 
tMember American Concrete Institute, Associate Profess« 
‘ " 


ILngineering 
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Fig. 1—Test set-up for beams 


racy of that theory is questioned when the members fail in compression in 
the concrete. Furthermore, under the action of repeated loads, the mode 
of failure may be entirely different, and the plastic theory may not be appli- 
cable at all. Therefore, these tests were designed to determine the ultimate 


strength under repeated as well as static loads 


In addition to the usual measurement of strains and deflections, attempts 


were made to determine the actual moments existing in the beams. This was 
accomplished by measuring the reactions to the beams, which gave a direct 
computation for the moments and hence a reliable assessment of the validity 
of the various theories 

It is known that by properly placing nonprestressed reinforcement in a 
prestressed concrete beam, the strength of the beam can be profitably in 
creased Although the effect of such bars on the start of initial hair cracks 
is regarded as minor, they help to limit the extension and concentration of 
cracks and to increase the ultimate strength under both statie and repeated 
loads. Their effects in a statically indeterminate structure were evaluated 
in these tests 

The entire project was carried out in the Concrete Laboratory of Prof. G 


Magnel of the University of Ghent, Belgium, with the author in charge 


DESCRIPTION OF BEAMS 


hour 50 ft long, continuous prestressed beams were made in the laboratory 
(hig. | All four beams, A, B, C, and D, were identical with the exception 


that two beams, B and DD, contained nonprestressed mild steel bars while 
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Fig. 2—Beam elevation 
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Fig. 3—Beam profile and section 


A and © did not Beams A and B were tested for static loads only: beams 
Ci and D were subjected to repeated loadings and measured for static load 
between intervals 


An elevation ot the beam Is shown Ith hig 2 The benim had uo unitorm 


cross section ot Sx 1l6.1n Fig. 3), and was prestress “dl with a Magnel cable 
with varying eccentricity along the length of the beam. The cable consisted 
of 32 parallel wires of 0.196-in. diameter with an effective prestress of 120,000 
psl. The cable profile was designed so that both at transfer of prestress and 
under the working load, little or no tensile stress would exist at any pont 
along the beam. The working load consisted of two concentrated loads of 
11,000 Ib each applied as shown in Fig. 2.) To simplify the problem, a con 
cordant cable was chosen so that under prestress there would be no tendency 


for the beam to deflect away from its supports 


hive O.47-in. diameter mild steel closed stirrups spaced at 3-in. centers and 
supported with four 0.55-in. diameter bars at the corners were pro ided to 
reinforce the ends of all beams For beams Band 1D), two mild steel bars of 
0.55-in. diameter were added over the center support and under the load 
(Fig. 3 Steel bearing plates were provided at all points of loading and re 
actions; all plates were 6 in. long (except S in. long for the center support 
and extended the full S-in. width of the beam. A hinged support was fur 


nished at the center, while rollers were employed for the end reaction 


Materials 
The conerete for the beam was de wned to POsses imninimum strength of 6400 pel teased 
n Sin. cubes at 28 days This strength Is Quay lent to about 5OO0 pel a determined b 
x 12-in. evlinders. Eight cubes were made for each beam. The vere cured in the labo 
ratory under conditions similar to the beams Two specimens were te sted at 7, 14, 28 da 
ind at da of rupture of the beam The average results of each two specimens are listed 


in Table 1 
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TABLE 1—CUBE STRENGTH OF CONCRETE, PSI 


Time seam A Jeam B Beam C Jeam |) Average for 


four beams 


At 7 dave 5120 5OSO 5TO0 5500 5520 
At 14 days 5900 6960 $200) 7520 7150 
At 28 duye 6730 7TOS8O0 S7O0) TROU 7730) 


ade 
At rupture 0) ®420) 8550 TOU50 S281) 


Three beam specimens of 6 x 6 x 24 In. were tested on a span of 20 in. to determine the 
flexural tensile strength at the day of crac king for each beam As can be 


the individual values varied from 710 up to 1040. psi 


seen from Table 2 


TABLE 2—FLEXURAL TENSILE STRENGTH OF CONCRETE, PSI 


Specimen Jeam A Joeam seam © Beam 1D Average tor 


four beams 


No. | S30 . 710 
No. 2 1040 770 
No. 3 GOO S30) 


Average 920) 770 


To determine the modulus of elasticity for the concrete, three specimens of 8 x & x 20 in 


were cast for beam A and tested at various ages (Table 3 In addition, one specimen of 


1x 4x 24 1m. was cast for each beam and measured for initial modulus by a Bouche's soni 
scope; results are recorded in Table 4 A typical stress-strain curve for the concrete under 
direct COTPression is shown in hig } 


TABLE 3—SECANT MODULUS OF CONCRETE, BEAM A, PSI 


(By direct compression test) 


Ting At 700 psi At 1400 psi 


At 14 days 5,300,000 1.540.000 
At 28 days 5,450,000 1 510,000 
At cracking 5,420,000 1.700.000 


TABLE 4—MODULUS OF ELASTICITY OF CONCRETE, PS! 
(By vibration) 


Time Beam A Beam B Beam ¢ Jeum 1) 
At 7 dave 6,140,000 5.910.000 5.670, 000 5.930.000 
At 14 days 6. 180.000 6, 100,000 5,850,000 6,070,000 
At 28 duvs 6,250,000 6,130,000 5,930,000 6,130,000 


The cement was Type L portland cement made in Belgium. It was subjected to standard 
tests us preseribed in Belgium and found to meet all the requirements Initinl set of the 


cement occurred after 45 min while final set tool place ifter 4'5 hr Kor compression tests 


au Water-cement ratio of O.28 was used and 15 cubes of 2.8 in. were made of 1:3 mortar using 


normal standard sand. The cubes were mechanically compacted and cured in 68 F water 








Fig. 4—Typical stress-strain diagram 
concrete 











intil testing. For direct tension tests, 15 briquettes were made under th une condition 
The iverage strengths of the mortars are listed in Table 5 


TABLE 5—STRENGTH OF 1:3 MORTARS 


S duyves 7 da 28 cu 
9160 


rh 
10 


Compressive strength, psi 57! 


Tensile strength, pst 


consisting of river sand and gravel, wa i ill benim 


thy proportion b weight Niu 


! Water 


0) 38 


rat 


One bateh oft iggreygates 


Vieasurement was made by volume and computed tor bye 


Sand Cemen 


Caravel 
, 14 1 74 | 


vith slump varying from !4 to 'y in The « tency of conerete 
veen ind 14 se4 Unit 


Nit ‘ ith per eu d 


1 


This produced concret 
mensured by the Vébé test, giving 
Cement content 
coment and sand with a water 


controlled and ili bet 

tf conerete aver ged 155 |b per cu lt 
for the cablewa vas made with equal volume ) 
O05. An air-entraining agent equal to 0.5 percent of the weight of cement 


cement ratio o 
its fluicit Strength of the grout 


vas added to the grout to merense 
f 


iveraged 5000 psi a iw day of rupture of the beam 


vires were of Belgian make I 
1 strain Characteristy Phese O.106-i1 diameter 
it ZOOLOOD 


fein. cube 


The cold-drawn prestressing ted specimens showed remark 
form results, both in strength and 

256,000 psi, with a proportional limit 
the 0.2 percent offset method Potal elon 
tieit vas 20,000,000 p 


ibly unl 
wires possessed an ultimate strength of 


leld point of 228,000 psi measured b 


pal and a 
gation Ws 5 percent In a pape length ols in The modulus of ela 
stress-strain diagram | hown in big. 5 


proportional limit A typical 
19,000 psi, with a 


steel bars had an ultimate strength of 


vas 16 percent. The modu 


up to the 
The nonprestressed mild 
pont ol 15,500 pel Ona yy lengtt 


elasticit vas 28,400 000 p ss-strain diagram for 


ol Sin. elongation 


the ins Teh big. 6 


Manufacture 
All beams were cast in place member 


the forms were erected for each 


void the diffieulty of handling continuou 
1 Itotver tite one of op 


retractable rectangular 1 


of the other, were placed in the forms and positioned by '4-in. temporary steel bars inserted 








ne 1955 


THE AMERICA 


Fig. 5—Typical stress-strain diagram for wires 
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3° gage length 
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OTPAI ¢ Jo 


through the side form The cireular hole in the center of each rubber core was stiffened with 
Withdrawn soon after concreting 
le aVINnN i 


the conerete. the tubes were pulled out 


vith water for 


which were 


Immediately after final set of 
duct of 2.2 x 4.4 in. in 
side forms stripped after 


32 Wires spaced by 


teel rods 
rubber 


the concrete The beams were sprayed 


continuou 
the first 24 hr and the it least 3 days 
The Magnel cable was prepared with the 


wires into eight 


steel] se pur itors 


1S x 3.6-1n 


dividing the rows ol tour One separator was placed at each end and at 
each point ot bending of the cable a total of LI separators pet beam. The wires were grouped 
it the leading end and inserted into a steel nose to be pulled through the duct in the 


together 
the cable the duct was first cleared of any debris 
ise ol thy reverse 


1 
vas 14 days old Be 
from both ends to minimize 
the Co 


Jelore mserting 


benm 
ipplied to each beam when it 


Prestress Was 


of the « 


ible, the wires were tensioned simultaneous! 
| taking 0.3 as 


frictional loss s estimated* by 


curvature 
the frietional los The amount of Wit 


Te 
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Fig. 6—Typical stress-strain dia- 
gram for mild steel bars 
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efficient of friction between the 


duct as O.0005 rad 


wires and concrete and by assuming the wobble 
This gives 4 maximum loss at the center support 
cent LS percent ol wh due to curvature and 1.5 percent due to wobble 


Loss ol Slipping of the inchor ize weadye s was estimated a 
suming lor each end, the unit shortening in a 


2x 0.1 52 x 12 0.000318, which, for 
loss of O.OOOBZTS & 20 000-000 G2) 


i modulus of 20,000,000 
psi, or 200) 142.000 6.4 percent 
To overcome the frictional loss, the wires were stressed at the jacks to 6 percent 
value ol 142,000 psi so that LOO percent stress 
center support. When anchoring the wire 


the desired initial would be obtaimed ov 


the loss of 6 percent due to anchor ie 


tuke place ind then the stress at the ends of the wires would also be LOO pereer 


vere tensioned in pairs by a Magnel jack at each end. The 


mmount of pre 
3 i d namometer or i Pressure ripe ina checker ly he elongation 0 
iverage amount of total initial elongation Was 34 int While the sum of the Thy op oeagee lor 
two wedges iveraged O 17 in Thus inet elongation of 4.29 in vas obtamed in oa length ol 


12.5 It, which indieated an average stress of 3.20 (52.5 12 


2U OOO OOO bol oo 


Phe amount of slip ictuall differed for the beam 


Average wedge slippage 


total of two ends), in 


The differences Vil ittributed to the mechor ip lor benme ¢ i vhich \« 
from beams A and B It was POSSI that the wedge 4, bemg u ed | i ecoma tite 
less than new ones. Corresponding to the average slip for each be 
Vis 1.6 percent higher for beam ¢ ind 


Aor 3 


3 percent higher for beam I) ‘ red to beam 


Loss of prestress dt o creep and shrinkage in concrete and ereep in not mensured 


because trom werience In the laborator for the ime } onerete 


know ) i close estimate 
is grouted by injecting mort 
Alter the 


encasement 


INSTRUMENTATION 


Static loads were applied to each beam by two 30-ton hydraulic jacl 


connected to an Amsler hydraulic testing machine Thi jack acted against 


steel frames anchored to the laboratory floor through large screws in the heavy 


prestressed concrete floor slab.” | ol the pulsating load one Amisle r hvdrau 
lie pulsator was employed The pulsator has a capacity 
oll per evele under a pressure ol 5700 psi hie 


loads oXxe rted hy the pulsator were indicated Hy 


to pump 9 cuoin. of 
maximum and minimum 
manometer The pulsating 


frequency Was 290 cycles per mu 


For measurement of statie reactions Losenhausenwerk compre bond 
of the manometer type were installed at each end of beam Land B 


meters were first calibrated with a testing machine and their accurac 
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found to be within 20 Ib. When compressed, these meters shortened a maxi- 
mum of 0.15 in., which settlement was within permissible limits for the beams 
hor beams C and D, subjected to pulsating loads, Philips compression meters 
of the dynamometer type were employed. These were also calibrated before 
and after the tests, and an accuracy of 50 lb was indicated. Their shortening 
under loud was practically zero 

Strains in the concrete were measured by electric resistance gages. First, 
the surface of the concrete receiving the gages was ground smooth and cleaned 
with acetone. Then one coat of Philips strain gage glue was spread on if 
After a few hours, the gages were attached with the same glue. For beams 
\ and B, Baldwin SR-4 strain gages of the AL type were used while Cl-type 
gages were used for beam C. For beam D, similar Huggenberger gages of the 
BP2 type were used. The main purpose of these gages was to detect the 
appearance of cracks. Hence, they were placed on 4- and 8-in. intervals on 
the tension side of the beam around the sections of maximum positive and 
negative moments (Fig. 7 Juldwin strain gage indicators were employed 
for reading strains in beams A and B, Philips indicators for beams C and D 
Philips oscillograph units were used for reading the strains, reactions, and 
deflections during the pulsating loadings. For beams A and B, Huggenberger 
tensometers were installed between the strain gage points, but they were 
found to be unnecessary and were omitted for beams C and D 

Deflection meters reading to 0.0008 in. were placed at eight points along 
the beam, both during prestressing and during static loadings For the 
pulsating louds, a special device consisting of two such deflection meters 
Was Installed at one midspan point to measure the maximum and minimum 


deflections of the beam under pulsating loads 


TEST PROGRAM 


Beam A was tested only for static loads. First, the working load (2? = 11,000 
Ih each) was applied in five equal increments while readings were taken of 


all meters and gages The test was repeated twice Then the beam was 


londed until several cracks were seen over the center support (up to 2? = 16,500 
PI | 


lh each) in inerements of 1100 and 550 Ib. Then it was loaded until cracks 
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Fig. 7—Typical gaging layout for one span of beam 





CONTINUOUS PRESTRESSED BEAM 


occurred under the loads (up to ? = 26,500 Ib each), then loaded up to rapture 
all in increments of 550 |b The commencement of cracks was detected by 
the erratic behavior of the strain gages and searched for with magnifying 
glasses. \fiter cracking became general, strain gage readings were aban 
doned. All reaction and some deflection readings were taken up to rupture 

Beam B was subjected to exactly the same sequence of tests as beam A 
to confirm the results obtained for beam A, and to determine the effect. of 
adding nonprest ressed reinforcement 

Beam C was subjected to repeated loads to determine the effect of fatigue 
The pulsation started with a range of 0.5 to 1.0 times working load (1? = 5500 
to 11,000 lb) as indicated by the manometers, then a range of 0.5 to 1.2 worl 
ing load, then 0.5 to 1.4 working load, ete. Each time the upper limit) was 
increased by 0.2 working load (inerements of P? = 2200 Ib each), while the lowe1 
limit was raised only when the full capacity ol the pulsator vas reached. lor 
each range of pulsation about 500,000 eycles were applied Phe record of 
pulsation is shown graphically in Fig. 8 

During the pulsation tests, oscillograph and deflection readings were taken 
to determine the dynamic increment of the pulsating loads Phe oscillograph 
readings were not consistent, but the maximum and minimum defleetion 
recorded by the deflection meters were found to be very accurate Phey in 


dicated that due to dynamic effect, the actual minimum load on the bean 


averaged 7 percent lower while the actual maximum load averaged 6 percent 
higher than yiven bv the manometers 
\ static test was run before starting the pulsation Phen before every 


increase in the pulsating loads, a statie test was run to record the behavior 
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Fig. 8—Record of pulsation tests, 
beams C and 
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of the beam \fter the beam showed evidence of failure due to the breakage 
of a number of wires, it was tested statically up to total rupture 

Beam 1) was tested similarly to beam C, again for confirmation of some 
results and for determining the effect of adding nonprestressed reinforce- 
ment 


CRACKING AND ULTIMATE LOADS—MEASURED VERSUS COMPUTED VALUES 


Table 6 compares the measured and computed values of the cracking 
and ultimate loads of the beams. The cracking loads were those producing 
the first observed hair cracks \s expected, cracking occurred first over the 
center support and later under one of the loaded points. This was the sam 


for all four beams 


Rupture of beams A and B resulted from the crushing of concrete over the 


center support. Prior to rupture, the vertical tensile cracks over the support 


developed into diagonal cracks, reducing the depth of concrete under com 
pression (Fig. 9 

Failure of beams C and D under repeated loads was first evidenced by the 
breaking of wires over the center support as a result of fatigue. After about 
half of the wires were broken over the center support (no wires broke else 
Where), the beams were subjected to static tests until they collapsed in the 
compression of concrete under one of the loads This was explained by the 
fact that there was not enough force to crush the conerete over the center 
support where half of the wires were already broken. Final examination of 
the beams showed that 16 wires had broken in beam A and 17 in beam B 
All exhibited crystalline fatigue failures and all were broken exactly at the 


separator over the center support 


TABLE 6—CRACKING AND ULTIMATE LOADS— 
MEASURED VERSUS COMPUTED VALUES 


Beam No \ { 


Type of loading Static Repeater 
Mild steel bars Without Without 
Design load, kips 11 1} 
Crane king load | Ips 
Center support 
Veensured 
Computed (elastic theor 
Vidspan 
Vii isured 
Computed elastic theor 
Ultimate load, Kips 
Static loading only 
Measured 
Computed, plastic hinge theory 
Repeated loadings 
First broken wire 
No. of eveles, million 
About hall wires broken 
No. of eveles, million 


Static test to destruction 





T ] 
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Fig. 9—Main cracks before rupture, beam A 
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COMPUTATION FOR CRACKING UNDER STATIC LOADS 


The concordancy of the cable can be checked by taking statieal mo 
ment of the WE] diagram due to prestress lt ‘ asilvy shown that 


there is no external reaction due to prestressing and the cable is concordant 


Thus the stresses in the conerete due to prestre can be simply computed 


from the formula 

het 

/ 
prestress fA 120,000 psi * O05 
econerete aren x Ih 128 qin 
eccentricit ol ¢ 107 in. under the 
support 
Sin 


xs xX 16 


| ) 


2730 in 


To be strictly correet, A, 2, 7, and ¢ should reter to the net concrete section 
before grouting; after grouting, they should refer to the transformed section 
But, for simplicity in presentation, the gross section of concrete wal used 
at all times, although errors amounting to a few percent are involved im thi 
approximation 

All extreme fiber stresses for the maximum + 1/7 and VF sections are com 
puted and listed in Table 7 

Due to the weight of the beam. at 140 Ib pel the moment 
puted by the usual elastic theory for beams, giving 

wh 1% 24.6 
Vo oover center support 10.5 kip 
s 
Vounder the load 
The stresses are again computed by Me / 

Kor two loads, one P?? at each Span the moment 

theory is 
Maximum V O.1SS PL O.1S8 * 2467 tx 
Maximum + 0.106 PL O106 * 246797 2.61 P 
With ?=11,000 |b, the resulting stresses due to prestre and dead and 


live loads are listed in Table 7 
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TABLE 7—COMPUTATION FOR STRESSES IN CONCRETE, PSI* 


Point Under load Over center support 


biber Top 40ottom Top sottom 
Prestress 2:35 1565 2070 + 270) 


seam own weight Qh + Q5 + 370 370 
Working load 
I’ 11,000 Ib each 1O10 + 1010 + 1790 1790 


Total ae 10) } a0) ISO0 


To compute the eracking load, assume modulus of rupture at the average 
value of $20 psi. Then additional stress of 820 WO) 730 psi is required 
for cracking over the center support, which corresponds to additional loads 
P given by : 

163 P ~*~ 12% 8 o 

: 730) 
2730) 
a 1500 Ib eaeh 

Total 7? required for cracking is hence 11,000 + 4,500 15.500 |b each 
hor cracking under the load, still following the elastic theory, 7? required to 
produce a stress of 820 + 460 1280 psi is given by 


201F x13 xs 
- 1280) 
270 


“ 


P 13.900 Ib each 
Total P? for eracking under the load is thus 11,000 + 13,900 24,900 Ib 


each Since the center support would have already cracked. more moment 


would be thrown to the points under the loads than indicated by the elastic 
theory, and the theoretical cracking load should be somewhat smaller than 
24,900 Ib. 

The above computed values hold good for both beams A and B, since the 
commencement of cracking should be only slightly affected by the presence 


of additional steel bars 


COMPUTATION FOR ULTIMATE STRENGTH UNDER STATIC LOADS 


In contrast to the eracking loads which were computed by the elasti 
theory, the ultimate strength must be estimated by plastic theories. Two 
plasticities are Involved in a continuous prestressed structure: plastic theory 
for the strength of the critical sections, and plastic hinge theory for the strength 
of the beam as a whole. First, the ultimate flexural strength of the two 
critical moment sections are computed on the following assumptions 

1. Plane sections remain plane up to the ultimate load 


2. Ultimate unit strain of extreme fiber of concrete O.O044 


3. Ultimate stress block in conerete is rectangular and averages 70 percent of the 
tested cube strength, or 70 percent * S280 5SOO psi 


*Ultimate Strength of Prestressed Concrete Beams Failing in Flexure 
Station, University of Illinois, 10534 





CONTINUOUS PRESTRE 


Under these assumptions and using the stress-strain curve ol steel as shown 


in big. 5, a method of trial and error can be followed to determine the stress 


developed in the steel together with its acting lever arm at the ultimate load 


thus Ziving a rather accurate estimate of the ultimate moment in spite ol 
some inaccuracies involved in the above three assumptions This method 
will be first applied to the section over the center support. From preliminary 
computations, it is seen that the steel wires will be stressed to about 90 per 
cent of its ultimate strength or 90 percent & 256,000 250,000 psi Which 
means a total tension in the wires of 0.963 & 230,000 221,000 Ih Phe 
total compression in conerete must be also 221,000 Ib The depth of the 
compressive stress block will be: 221,000, (5800 *« 8 1.76 in 


(Note from Fig. 9 that the measured depth of compression was only 3.5 
before failure 

For this location of the ultimate neutral axis and an ultimate concrete 
strain of 0.0034, the ultimate strain in the wires can be computed as in hig 
10(a): 0.0034 & 6.70/4.76 0.0048 


The strain in the steel due to the effective prestress of 120,000) psi | 
120,000 29,000,000 = 0.0041. Hlenee the total strain in the steel is 0.0048 
t+ 0.004] 0.0089. From Fig. 5, the stress in the wires corresponding t 
a strain of 0.0089 is 225,000 psi, which is quite close to the assumed value ot 
230,000 psi, so that no revision of the calculations is necessary and the ultimate 
stress in the wires can be estimated to be 225,000 psi 


The center ot COMPression in the conerete can be assumed to be at 4.76 2 


38 in. from the extreme fiber (this conservative “SSUMIption Was made be 


























Fig. 10—Ultimate strength of 
sections, beam A 
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cuuse of its simplicity), and the lever arm for the tension is obtained as 9.08 
in. The ultimate resisting moment is thus 


O0645 *~ 225.000 ~*~ UO 12 165 kip-it 


sy similar computation, the stress developed in the steel under the load 
can be computed to be 218,000 psi at failure, and the resisting moment given 
by Fig. 10(b) as 

0.965 % 218,000 *K 7.69/12 134 kip-tt 

If full plastic hinges were obtained at the two critical sections, we would 
have a moment diagram as shown in Fig. I1(a) for the left span of the beam. 
Corresponding to this moment diagram the shear diagram and the loading 
diagram can be obtained from staties (Fig. 11(b) and (¢)| and the value of P 
computed to be 41.5 kips. The measured breaking load of P 39.2) kips 
indicated that full plastic action Was not obtained, which fact was also borne 
out by the measured reactions as discussed later. 

For beam B, a little investigation will show that the mild steel bars were 
stressed to the yield point of 45,500 psi at the ultimate load. The area of the 
two bars being 0.476 sq in., the total tension in the bars can be computed as 
ONTO KK 45.5 21.6 kips 

By «a procedure similar to the above, and referring to Fig. 12, the ultiniate 
moments can be computed to be, for the section over the center support 


21.6 % 12.22 4+ 212 K 8.96 


ISO) | ip-tt 





eo. 


Itirmate Moment Diagram 
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Fig. 11—Computation for ulti- 
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Fig. 12—Ultimate strength of 
sections, beam B 














and for the section under the load 
21.6 XK 12.51 202 
12 
Again assuming full plastic hinge action, the load 7? that can be earried by 
the beam is computed by a procedure similar to Fig. PL. This yields 2?’ 15.8 
KIps which happened to check exactly with the measured Litie It mist be 
pointed out that 100 percent plastic hinge action actually was not realized 


in this beam. as shown by the reaction mensurement hig ) vhile the 


actual ultimate flexural strength is believed to be higher than computed by 


the above method Henee it is possible that the two error neutralize each 


other and the computed value agrees exactly with the measured 


COMPUTATION OF CRACKING AND ULTIMATE STRENGTHS 
UNDER REPEATED LOADS 
The fatigue flexural tensile strength of conerete is generally placed. at 
about 60 percent of the static modulus of rupture Since the number of load 
repetitions in these tests was not excessive up to cracking, it would be appro 
priate to assume that the trength at cracking aus SO percent of the stati 
value, or SO percent * S20 HoO0 psi kor cracking over the center upport 
a stress due to live load of 650 ‘() HOO ) Vas required, thu 
1.63 P 
yh) 
AAO TI 
Phe total load at cracking is hence computed to be P = 11,000 4+ 3440 
14,440 |b each Phe measured values were [P?? 15,800 Ib for beam C and 
17.600 |b for beam DD. even slightly higher than beams A and B under stati 


oads only Thi cannot te explained although it might be attributed to 
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variation in modulus of rupture and to the smaller anchorage losses in beams 
Cand DPD. Cracking in beam C was observed under static test while that in 
beam 1 oecurred during pulsation loadings. 

For cracking under the load, a stress of 650 + 460 1110 psi is required 
Which corresponds to an additional ? given by 


261P X12x8 
1110 


2750 


r 12,100 Ih each 

and the total 7? should be 11,000 + 12,100 23,100 Ib each. Since cracking 
had already occurred at the center support, partial plastic action was ex- 
pected, and 2? should be somewhat smaller than the 23,100 Ib given by the 
Glastic theory The actual measured values were 22,400 |b for beam C and 
25,100 Ib for beam D 

Ultimate strength under fatigue loads is more difficult to predict. Previous 
fatigue tests on similar wires showed that failure at points of gripping occurred 


for stress ranges from 1O6 to 142 ksi or 95 to 149 ksi.* Other fatigue tests on 


prestressed beams indicated that failure occurred in the wires over the separa 


tors when the average stress in the wires was about 150 ksi.f  [f it is assumed 
that failure started in the wires at a stress of 150 ksi, the corresponding load 
P’ can be computed as follows 
hor approximation, assume a rectangular stress block in the conerete at 
an average stress of 50 percent the cube strength, z.¢., 5 percent & S200 
1100 psi; the depth of compressive stress over the center support of beam ¢ 
is 
150,000 & O96 
h4oin 
S «x F100 
and the lever arm for the tension in the wires was 9.26 in.; resisting moment 
was 150 & 0.963 x 9.26/12 11) kip-tt Applying the elastic theory 
163 1 111 10.5 
r 21.8 kips 
kor partial plastic action P?? should be higher them this The measured value 
was P? 24.2 kips 
For beam D, the tension in the bars was again 21.6 kips The depth ol 
COMPPressive block Was 
21,6000 4+ 0.963 * 150,000 


5.06 in 
Ss *« 4100 


The resisting lever arm was 12.9 for the bars and 8.93 in. for the wires, hence 
the resisting moment was 


21.6 XK 12.19/12 + 144 & 8.93/12 22 + 107 120) kip-it 


Again applying the elastie theory, 
1.63 P 120 10.5 
a 25.6 Kips 
*Soete, W ind Vancrombrugge, K 
Library Tranalation o , Cement an 
tia) Billington, 1). P Phe Dynan 
Brussels), Ne » 105 


b) Magne (; Fr 


105 





INTINUOUS PRESTRE 


The measured value was 28.6 kips, which perhaps can be again explained 


by the partial plasticity of the beam 


END REACTIONS 


The accuracy of the elastic or plastic theory was assessed by the measured 
and computed reactions at the ends of the beams. First of all, the coneord 
ancy of the cables was checked by the dead load reactions, Whose measured 


values agreed well with the elastic theory, as shown in Table 8 


TABLE 8—MEASURED AND COMPUTED REACTIONS FOR DEAD LOAD 


Seam A Beam B Beam ¢ Joeum 1) 


Measured, Ib 1430 1380 1470 1430 
Computed, Ib 1420 1410 1450 1410 


Kor live load, the measured values are plotted in Fig. 18 for beams A and 
B Two theoretical lines are also plotted, one by the elastic theory, another 
by the plastic hinge theory, assuming the moments developed at each hinged 
section to be proportional to its ultimate moment capacity It is seen that 
before the appearance ol cracks, the reactions followed the elastic theory a 
closely as can be measured After the commencement of cracks, the reaction 
deviated gradually toward the plastic theory. Since the beam failed in com 
pression in the concrete, complete plastic hinge did not develop, and the 
behavior of the beam was only partly plastic even up to tarlure Phere was a 
slight difference between the two beams near the ultimate load; the greater 
elasticity of beam B might be attributed to the presence ol mild steel bar 

The static reactions to beams C and DD, measured after every 500,000 
eyeles of loading, are plotted in Fig. 14. They followed essentially the same 
pattern as those for beams A and B There wa howevet conyae pla tie 
action for the lower range of loads after the fatigue test Phe deviation 
were small and could hea e been errors itt the yuye re ading Beam 1) by hie ed 
similar to beam C except that there was slightly | plasticity near the ulti 


Innate range 


STRAIN GAGE READINGS 


Curves for the strain yauge readings showed similar hip typical one 
which are plotted Ith | IZ 15 and lt) hor bens \ and 3 —f eral Curye 
viated from a straight line almost as soon as the fiber \ under tensor 


The modulus of elasticity also differed greatly for the gage Pests made on 


~ 


a plain concrete beam also showed nonuniformity of tensile strain It 3 


believed that strains vary extensively for conerete under tension so that 
local measurements with a ga 


~* 


ye length of only |oin. cannot be used a rep 
resentative of the beam 
For the beams under fatigue tests, on the other hand, the strain curve 


all continue straight right up to cracking. This cannot be well explained 
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Fig. 13—End reactions, beams A and B—measured versus computed 
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Fig. 15—Typical strain gage readings over center support, beam A 


but it is guessed that the prestress in beams C and D could have been highes 
than assumed so that the fibers were actually under some compression when 
computed to be under tension 

In all cases, however, as soon as cracking commenced near the gages, the 
train readings dropped sharply. If the crack occurred right through the 
gage, the readings jumped sharply upward. As an auxiliary test, several 
strain gages were placed directly over cracks. Leven while under compression, 
the strains across these cracks due to de-compression were found to be greater 
than normal 


DEFLECTIONS 


Midspan deflections of the beams averaged 0.090 in. upward due to pre- 
stressing, gradually increasing to O.110 in. in about 3 days. According to 
the elastic theory, for a modulus of elasticity of 5,500,000 psi, the deflection 
should have been only 0.065 in. It is believed that some creep took place 
during the process of prestressing, thus increasing the measured deflections 

Deflection curves under loading were plotted for beams A and B (Fig. 
Within the working load and up to cracking, there was no noticeable difference 


between the deflections of the two beams But as the ultimate load was 
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Fig. 16—Typical strain gage readings over center support, beam D 


Fig. 17—Midspan_ deflection, 
beams A and B 
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approached, deflection of beam B was smaller than beam A. This could be 
explained by the presence of the mild steel bars, which were more effective 
near the ultimate load 

Beams © and D under repeated loads showed deflections similar to those of 
beams A and B. ‘There seemed to have been a slight increase in the deflec- 
tions after each range of pulsation, in the order of 3 to 5 percent. This can 


perhaps be attributed to either creep or fatigue effect 


CONCLUSIONS AND DISCUSSION 


Although only four beams were tested, due to the accuracy of instrumen 
tution and the large size of the beams, certain conclusions can be definitely 
advanced susic principles for computing cracking and ultimate strength 
under static loads can be proposed based on these tests. Under repeated 
loud howevet only the general nature of the ultimate strength can be sug- 
vested. ‘Test results are discussed below 

1. Within the working load, the beam behaved according to the classical 
elastic theory as closely as can be measured, when subjected to either static 
or repeated load. The moment in the beams can be computed within an 
accuracy of | percent, as shown by the measured reactions. The instantaneous 
deflections can be computed by elastic theory, using the modulus of elastic- 
ity measured by compression tests, within an accuracy of about LO percent 
Deflection of the beam related to loads remained linear up to the working 
louds 

2. Between the working and the cracking load, the beams still behaved 
elastically in-so far as their reactions and moments were concerned, but the 
deflections increased slightly faster than the load, which fact was attributed 
to the nonlinear stress-strain relation of concrete Under repeated loads up 
to cracking, the reactions and moments deviated from the values given by 
elastic theory by about 8 to 5 percent kor the prediction of the commence 
ment of cracking, the elastic theory was almost exact for the beams under 
static tests, but was conservative by about 16 percent for the fatigue tests 

6. bor beams under statie loads only, local tensile strains exhibited non 
linear relations with load almost as soon as tension started in the fibers 
hor beams under repeated loads, the stress-strain relation responded linearly 


right up to cracking. No reason can be advanced for this phenomena 


| Due to plastic action ina continuous beam after cracking the appearance 


of cracks under the second hinges may be slightly sooner than given by 


elastic theory, but can be quite accurately computed if the plastic action is 
taken into consideration 

5 For over-remforced beams, complete plastic hinge action under statie 
loud cannot be expected. The percentage of plastic action will depend upon 
the mode of failure. The ultimate static load on a continuous beam can be 
fairly well estimated by simple rational methods 


6. For beams under repeated loads, the nature of failure was entirely 





different Fatigue failure of the wires at the separators took place undes 


repeated hear \ londs producing SeCTIOUS Crucks at points of MANXIIMUIH Moments 
Nominal average stress it the wires was about 25 ) reent higher then the 
effective prestress 

7. The measured factor of safety of these , considering live load 
only, Was 


: 
euin 


Loading 
Mild steel bat 
kuctor ols 


hactor of s 


For beams C and ID, the factor listed above was for the breal ing of the first 
wire, after which the beam still stood many eveles of heavier loads, and 
carried from 3.0 to 3.7 times the working under the final statie test after 
half of the wires had broken 

8. The presence of mild steel bars increased the cracking load only slightly 
by 5 to 10 percent, but they distributed the cracks and limited their exten 
sion. The ultimate loads under both static and repeated loads were increased 


by IS percent for a small amount of bars strategically po itioned 
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Widnes includes cement production 
Engineering (London \ 17 
1054, pp. 640-641 
The Engine London 
1954, pp. 770-77 

Keviewes ) Anon L 


Minsk y 


Descriptions ol new 
148.000 


plant designed to 


produce tons of sulfurie acid and 
32,000) tons ol 
Anhydrite 


fensible 


cement clinker per year 


ywocess is rendered economically 
| 


only by reason of cement made 


from clinker resulting from process; adjacent 


plant, designed to produce cement with 5 


idded, is 


plant to wessure 


percent gypsum interlocked with 


inhivarite proper flow of 


materials and sequence ol operations 


United Kingdom school incorporates new con- 
struction system 


The 


struction ol ou 


Intergrid method used int 


con 


| 
SCTIOU 


econdary technical 


i light assed conerete 


vith 


comsists of prestre Prianin 


combined standard structural unit 


Klements are precast in the factory under 


control and assembled on the site 


Svstem is designed on 3 ft 4 in. module 
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System makes fullest use of precasting and 


prestressing Design and construction 


details cover columns, column heads, beams, 


floor and roof slabs, stairs, wall panels 


also 


Fel 


surlace finishes and eaves (See 


Current Reviews, AC] 


1955, Proc. \ 


JOURNAL, 


Outstanding example of modern 
construction 

British Constructional Engineer 
Dec. 1954, pp. 22-25 


concrete 


London), V. 5, No 


printing plant for the Bank of 


The 
beng) ind is an 


new 
combination of 
shell 
Suilding operations are described 
ACT Journal 
Proc. V. 51 pp. 579 


outstanding 


In-situ, precast prestressed and eon 


struction 
(Sao also 


Feb. 1955 


Current Reviews 


ind S86 


Construction of a laboratory building for 
Siemens & Halske A. G. at Munich (i; 
issels), V. 4, No. 1 


(sermar 
©. ScuHinzel Precontrainte By 
Jan.-June 1954, pp. 14-25 
AUTHOR &® SUMMAK 
16m 
staticalls 


prestressing 


This nine-story building has a span of 
The frames are 
and the 


Without columns 


indeterminate cables 


of the beams pass through the columns 


which gives the frame action. The beams 


, 


ire 3.5 m center to center Floors are ol 


monolithic conerete: the superimposed load 


is 600 kg per sq oem Prestressing and 
| i 


detailed 


construction Operations are 


Short electric tunnel kiln for building products 
in Uganda 


Douctas Bons The Engines London V. is 
i754. Dee 10, 1954, pp. 809-815 
Reviewed by Anon I 


Design, construction, and operation of an 
1O0-{t 


brief 


kiln with a effective 
ure deseribed (A 
plant was published in same journal, V. 198 
No. 5138, July 16, 1954 p. OS; see ( 
ACT Jan. 1955, 
V. 5) p. 482 


electric length 


descr Iption ol the 


urrent 


Reviews JOURNAI Pro 


Dams 


Conon Valley hydroelectric scheme 
Engineering (London), V. 178, No. 4633, Nov. 1 


1954, pp. 629-6454 


AKON Minsk 


dam inh 
Meig and Loch 
parts of the stage 


1 scription ol Loch Luichart 


fish ladder 


tunnels 


cluding a and 


Luichart 


second 





LIRRENT 


of a hydroelectric de velopment in the north 


of Seotland which will have an estimated 


innual ¢ ipacity of 440 million kilowatt hy 


Oberhasli power schemes 
ng (Londor \ 
N 4 Jat 
Re 
Deseribes dey 
Aare in the 


First 


clopment scheme lor thre 
Haslital Valley of Switzer 


Handel I 


fourth 


River 
land plant 


152 


Vent imnteo 


1954 


1250 


operation in Carimsel) in 


Potal 


million kilowatt hi 


estimated nual produe 


tion is 


Ullapool Hydroelectric scheme. Rural de- 
velopment in western Scotland 

Engineering (London), V. 178, } 

954, pp. 495-49 


(aravit dam across 


Dub 


built of ol 


outlet of Loch 
is 242 ft long and 40 ft hig 
stone with a Maximum size of 


dam, 241 ft long and 31 ft high 


- 


ecreted”” local 


Sin Intake 


normal mas ! 


Is ol eoncerete 


Measurements on the main penstock of the 
Lech reservoir at Rosshaupten (Messungen am 
Hauptstollen des Lechspeichers Rosshaupten) 
J. Pe oLzeR, Bayerische Wasser-Kraftwerke-AG 


This penstoch ) { ) y 
vith a diame ol ‘ constructed 
in 1951-1952 


Ing mortar itmospheres 


followed itmosphere 


pressure ) \ vO y ) onerete thre 


method Kieser and Berger Reported 


here are the resul ol tangential, radial ima 


train me rement rrasacde vith electro 


Jul 1951. to October 


Kebruas 


1955 


Cabril hydroelectric project 


{ ‘ Xi 


Tecnica (Lisi 


REVIEW 


Portuguese arch dam (440 ft Summarizes 


the studies for the design and the mat 


features of the 


construction 


Design 


oe and tests of a cylindrical shell roof 
mode 


Brus 


Analytical expres 
vidth of evlindric 
These formulas 
lindrical s | ected 


olue 


hori 
tuclied ite 


pon ! 


zontal longitudinal tor Also 


the influences of foundation movement 


{ 


emperature change 


\ COMparison rrasacte theorety 


results and experiment irement ol 


tamed from a model of a etual eyvilondrn 


shell 


ratio ol | to 30 lished th 


rool con ipproximate 
Is itisiuetor 
theoreti il 


init 


Shell versus arch action in barrel shells 

M. G. SALVabor / i \ 

No. 653, M 

extended hi 
Shell AC] 
Pro \ ol p ny 


indrical hell 


In this papel the author ha 


inalysis Rible Cylindrical 


JOURNAL, Jan. 1955 
As he 


isuall cle 


points out ‘ rool ire 


wned flexurele mem 
ire he 

thin shell to 
defined 


behavior of the 


branes stiffened tb i \ “¢oribs of 
Pransmission of 
its stiffeners trom ( l Maniges | 
shell rchior 
unstiffened she I on the foundation 
called rch paper | in 


condition ‘ 


tiffened tb tras 


dation 
ure transi 
combination 
ction The ithor | 
Ing moment ereated 
vertical load 

viele range 


purti las 


drical 
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prifsranteds and loads are 


distributed 


dation 4 rigid 


intiorml 


should serve well to extend the 


This paper 


{ ‘ 


ren Ol application of thin shells for practs il 


designer 


Strength of materials (Resistance des materiaux) 
2 


1’. We 


1454 


1 
L177 


Thi 


vere not treated un the 


which 


volume The 


volume covers subjects 


first 


econd 


stati 
The 


volume covers 


latter was entirel devoted to beams 


ily determinate and indeterminate 


first part ol thy second 


inalyses of inches uch is single hinged 


wre he a 
irehes, fixed 


mmetriesl 


o-hinged arches three-hinged 
mmetrical and ut 


with tre 


arehe 


irches urches rods 


ind bowstring are he without diagonal web 


members, often called bowstring girders. Of 


particular interest, is the analysis of a three 


hinged arch ubjeet to horizontal earth 


pre ture ind «a ce scription | i method o 


tre control b means of hydraulic jacks 
employed during decentering of the conerete 
inch ori Thi 


ilmost 


rch so analysis 


half of the 


subect of 
vhich covers volume 


ilthough written in a condensed manner, 1 


perhaps the best part of the bool 
The 
Hard 
id sits 
A method o olving 
briefly 
method ot 


that the latter 


<econd part is a brief statement of the 
Cross method of moment distribution 
ipplication to reetangular frames 
means of 


thre rn 


frames by 


nigel rotations is given ind 


compared to the moment distri 


bution It 3 tuted method 


is preferable to the former if the strueture is 


ubjeet to ideswa ancl oof the computer 


hin i ¢ ileulating roche it his disposal 


Phe third part is a brief treatment of the 
fundamental methods of analysis of staticall 
determined truss ancl the 


method of least 


applic ition of the 
Castighano work to. the 


tT ruiss¢ which are statically inde 
The effects of 
briefly 


hook 


inalysis of 


terminnte joint rigidit\ ind 
of secondary stresses are 


Phe fourth 


the derivation ol 


expl ined 
deals with 


critical 


part of the 
bculer’s 


for different 


buckling 
lond formula end conditions of 


Also, the 


longitudinal 


members 


compression — and 


column derivation for 
subject to 
transverse bending, bs presented 

In the fifth and the last part, the effect of 


pre stressing on simple and continuous beams 
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is determined and its effect on arches and 


evlindriecal structures is discussed 
With the « xception ol the second portion 
Wherein the author presents two illustrative 


ex imples ol the ipphiceation ol moment 


distribution and the method of angle rota- 


there are no numerical problems in 
the bool The 
ind should be 


rather than a textbook 


hions, 
material is greatly condensed 


useful as a reference book 
Most of the material 
presented is amply treated in 


the theor Vv ol 


t¢ xthooks on 


structures 


Materials 


Pozzolanas and their use in concretes 
Kk KANDER, Constructional Review (Sydne 
py 2-2 


M. Aut 
\ 7, No. 6, Oct. 1954 


Discusses first the types of natural and 


artificial materials which are likely to be 
ind considers methods for 


Then the 


properties a) 


pozzolani iSSOSSINY 


pozzolanic efficienc 


Which the 


mortars 


extent to 


portland cement 


and conerete are modified bh 


pozzol ins is covered 


H. M. S. process solves substandard material 
problem for gravel firm 


Witttam M. Avery, 2 
Met. 1954, pp. 87-01, 122 


and Qua 


To process out shale ind soft-roek In 


clusions from what was otherwise a good sand 
media 


ind gravel deposit, heavy separation 


equipment was installed Plant set-up is 


described 


Methods and results obtained by small-sized 
grain techniques used in mass and reinforced 
concrete (Wege und Erfolge der Feinstkorn- 
technik im Massen- und Stahlbetonbau) 


1. Vrirsen, Zement-Kalk-Gips (Wiesbaden), \ 
No. 8 A 1954, 4 12-315 
Reviewed by H. H. Wernes 


Technical 


large 


equipment used hitherto o 


building sites for washing and separat 


ing sand did bring about improvements in 


composition. However, such equipment is 


often inefficient and always removes some 


parts ol the most valuable fine tal ide sand 


\ process cle veloped in recent ears permit 
ol even the finest 


Classification particles 


into granulation which are 

idded 
iggregates 

\ graphical caleulation 


correctly group 


later as has been previously done with 
COonarse 
method is given 


which provides the possibility of determining 





the most favorable mixing ratio of three 


sand granulation groups In so doing, the 


value of a grain mixture is judged according 


to the cement paste required under identical 


conditions to obtain first class compactabilit 


This method ippears to be 


quite promising 


with regard to its application in central 


conerete mixing installations 


Chemistry of portland cement 
KR. H. Boas nd | tion, Rei 
New York, N. ¥ ) 7400 


Added 


ol progress it 


material summarizing the results 


cement chemists since the 


first edition makes this second edition one 


of the most authoritative up-to-date reler 


ences on the subject Recent developments 


n cement chemistr ind technolog is fi 


result of new exploration techniques, utilizing 


ra electron-opti il spectroscopical ind 


thermo-analitical 


methods give particular 


imiportance to the new text material on the 
structural characteristics of the clinker and 


hydrated 


vanees in 


cement compounds Cireat ad 


basi research have heen rac 


which ure 


of the 


recently particularl significant 


traditional lag between basi 
ind ipplied research in the fields of cement 


ind concrete technolog 


Chemists ind = technologists engaged in 


cement formulation or Mmanulacture Nill 


| 


find in this new edition profitable ew 


vorking information It should also prove 


ol ¢ ceptional reference value to executive 


engineers ind concerned = with 


Inspectors 


the use ol portland cement ind = conerets 


construction as well as to students o phi sie 


chemists ceramic yluss technolog ind 


civil engineering 
Materials of construction 
Hane 


This « 


brought 


scellent text and releremn 


been up to date ima 


Crenerall individual material 


tion are deseribed in detail 


chapters, including reatment 


re propertie test methods mad 


tpypil 


itiors ol these materiais (>) Specht 


ire the s ions on building tone 


ind mineral cementing materials 


ind concrete material on conerete 


iggregates is comprehensive The 


principal cementing materia 
ind portland cement, receiv 
usual in books of thi 
there brief treatments « 
Mhateriais 
detailed tha 


materials handbook 


cementing 
erete is more 
most Proportioning 
physical 


itiotis Ith 


Althoug! 


properties ind 

cluding prestressing, are disc 
the material on conerete in 
lent vell supported b 


oO recepted research 
tutement ippears 
proximately | 


ye reent 


vuater lower the Treez { point 


that “bevond LO percent 


hurther | 


metlective The bool ecm 


its prima purpose 
considerable value a 
book 


particular in 


eXTECTISIVE Dibloyraptliy 


I 
section 


Cements and shrinkages (Ciments et retraits) 


The Thiganitil 
cement Is 


Hecoming 


| 


stom ands tale ind 


eotment 
gives a smooth fins curin lve rast bye 
extended md cy comiliotr 
bine cement 

powdered pigment 

HNecesSsal densit 
observed 
eement 


industs 


Chemical analysis and sources of air-entraining 
admixtures for concrete 
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vithout further tests or on the basis of a 
limited number of short-term physical tests 
but uch necessarily 

that the 


tr ale 


lumited tests do not 


yive the consumer an Issuance 


material purchased under the same 


name Of separate occasions will be uniform 
In CODposition 

This investigation showed that air-entrain 
could be classified 


ing admixtures into a 


limited which 


each of 
that 
determined ino the 
It is concluded that the 


the ~4 


number of t pes, 


contamed Inajor constituents could be 


fairly easily laboratory 


quantitative deter 
minations ol constituents can be used 


is means for adequatel ascertaining — the 


untlormit ol 


materials 


different lots of the same 


something which cannot be a 


complished by short-term physical 48 


now appli ad 


\ qualitative scheme for the classification 


of unknown materials as to the type or types 


ol compound present Was ke veloped 48 


part of this investigation. The principles 


ippled in making the quantitative deter- 


minations of the various constituents are 


discussed and the methods that are suitable 


for Use in ial s ire piven 


Influence exerted by fineness of metallurgic 
cements on its resistance to sulfate-containing 
water (Der Einfluss der Mahifeinheit von Hutten- 
zementen auf die Widerstandsfahigkeit gege- 
nuber sulfathaltigem Wasser) 


(; Mau Zement Wiesbaden 
R Il, No 1W54 


Kalk-Gip 


pt 15-448 


Aur 


Included in 
object ol 


investigations made with the 


ascertaining the resistance of 


binding agents to sulfate-containing waters, 


fest series Was 


also carried out which 


extent the 


Wis 


to show to what 


fineness of a 
kor the 


cement ob varying 


cement influences resisting qualities 
test series a metallurgi 
used The test 


finer the 


fineness was 


that the 


results showed 


cement the higher will be 


its resistance to the influence of sulfate 


eontauining water 


Prestressed concrete 


Prestressed concrete (Spannbeton) 
Hl. Moen 


Berliner Union, Stuttgart, 1054 


win SS py 
Reviewed by Werner 


H. GUMPeRTZ 


A book 


construction 


dealing with the pr tical and 


phases ol prestressed eoncrete 


work. Discussion is divided into prestressing 


rITUTE 


by pre-tensioning, prestressing with 


tendons 


outside of the concrete, and prestressing by 


post-tensioning in general. In each chapter 


numerous methods of prestre are listed 


Ssing 
with references to patents In various countries 
ind to other 


source materials Prestressing 


methods in Germany, Belgium, Switzerland 


Italy the 


States are 


Swede i 


| ngland 
ind United 


Soviet Union 
Further 


chapters discuss the various types ol stec 


ce scribed 
tendons used for prestressing, the applications 
ol prestressed concrete ind special methods 
lead loads 


produce the 


for prestressing, such as using 


heat, o1 expanding cement to 


prestress An extensive list of all German 


patents pertinent to 
this 


book for anybod 


prestressing ind i 
extreme! 


with 


bibliography make hook an 


useful reference 


interest in prestressing methods 


Conveyor gantries: Prestressed concrete con- 
struction at a gasworks 


Engineering (London \ 
lu ) oi yo 


Vi 


Re 


Coal conve 2927 It long consist 


or bridge 


ol prestressed concerete bay sections both 


simp! supported most] 9O-It spans ind 


continuous (two spans, 10S and 7S ft The 
floor ol the box Is A 


slab: the 


deep and of varying thickness (7 in 


reinioree d concrete 


sides are pre stressed girders o.. It 


TrvPEaLTtain 
12 in. maximum the mbs being continued 
lorm the 


Tot il cle pth ol the box 


upward to frame for the = root 


section is lO tt 2 in 


width varies from 5 ft Sin. to Il ft Goin 


Prefabricated floor and roof structures post- 

stressed by the Gnadig-Kardos-Thoma system 
n Hungariar 

I. kine 


“ne 


Vagyar Ep 


i 


The Gnidig-Kardos-Thoma (GH pre 


stressing system is based on the principle 


of diagonal tensioning. Tensioning is effected 
by the diagonal stressing of steel bars 


Steel 


bars mm 


with 130-150 kg per sq 
used \ 


initial stress os 


tensile 
strength are 10,000 kg per sq em 
ipplied 

reported on 5.2 m long and O.S 
width 
wide, 27.5 


three 


Tests ire 


m wide elements with a 5 m= inside 


having two longitudinal, 5 em 


em high main ribs, and two end and 


intermediate crossribs beh ments were 


mia 





( LRRENT 


ot 280 ky per sq em cubs strength concrete 


steam cured for & hr at 70 to 90 ¢ height 


5-mm diameter bars ised for tensioning 


Cracking and | leoeas ere well above 


design loads 


Prestressed concrete slabs for railway bridges 
P.S.A. Bernivae, Conere an { wont ky 
ing (London), V. 49, No. ‘ pt. 1954, py al 


7] 
he be 


welded 


\ design for railroad bridges having 


mild steel main girders calls for a 


consisting Solel ol prestressed 


slabs It 


or multiple-track bridges 


precast 


concrete intended tor 


single 


up to 6O ft 


long 


ind can be issemmbled qui kI on the site 


Connections between deck units and girders 


ire omade with high) tensile steel bolts 


lulsework Is not required 


Prestressed concrete storage building 


The Engines 
IYo4, | 640 


Londor \ Jus, N ASA 


Prestressed concrete arched silo 


\ We.) ‘ if 


Ane 


Ammonium sulfate storage building at 


(sreenwich england uses three hinged pre 


stressed arch ribs of 86.5 ft span and 48.5 ft 


rise clad with precast prestressed conerete 


plant 


Properties of concrete 


Factors affecting resistance of portland cement 
concrete to scaling action of thawing agents 


toads, \ s 


\ laborator WN 


Roads Vitis 


ition 


estiy 
of Public started 


methods of protecting concrete wearing sur 


chloride 


made ol the 


ition of ¢ 


igainst the 


Later i 


laces siecbuity 


similar d 


effect of outdoor weather conditions on small 


lutos placed on the yround It A hound 


that resistance to exling was allected tb 


ir content surlace treatment or counts 


idmuixtures of oils, fl i is a replacement 


for portland cement ring methods, and 
boy the 
This 


vations 


vacuum method concrete 


placing 
report ix i rest if i i V i 
conducted to materials mad 


ywocedures tor protecting concrete mvements 
| I - J 


It has 


eonutent in excess 


been tound 


f 


than increasing the cement content 


ftrentments ol mineral ol 


ippled te 
ind seasoned concrete nee 


{ 


oul adm ine redu 


wave little lnprovement 


vacuum treatment im 
wt both plain ind ur-entramed Cone 


All fly ash 


detrimental to  durabilit 


replacements of cement 


conclusion is that the resistance of conere 


to ealetum chloride freezing-thawing wa 


function of the amount of entramed 


Shrinkage of concrete products (Retrait des 
produits en beton de ciment) 

R. L'Hermire, Revue des Ma 

Paris), No. 469, Oct 


I 


Phi hrink 
erete Is i 
mixing water 
to changes im y inne 
i law similar » the one 
i warm bod Shrink 
the mnount of ¢ apoutisat 
ind also to the amount 
Shrink ie Wis be eval 
test on nent 


eetmmernt 


Shrinkage iT 


time 


ise of eflimrent e 


Corrosion of concrete and reinforcement 
(Corrosion du beton et des armatures) 


I Cam ’ / 


oncrete 
first poimting 
te the expecter 
iuthor show 


enused by 


‘ treme! 


corrosion 
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Some tests of electro-cured concrete 


4. DD. Koss, The Engineer (Londor V. 198, No. 5153 
et. 20, 1454, py 182-584 

Keviewed | nON L.. Minsky 

hiffect of electrical curing on strength of 


conerete cubs ind variation of the electrical 


resistance of concrete with time, were investi 


gated, Results indicated that electrical curing 


produced high earl strength comparable to 


the results of steam curing, but that prolonged 


heating was detrimental; further, that elec 


trical curing seems to provide a means of 


wcelerated strength testing offering the ad 


vantages of simplicity and almost-universal 


onethe job avatlabilit 


Winter temperatures in houses with concrete 
floors laid on the ground 
kK. W. Muncey fustralian Journal of 


tpplied Sc 
Vielbourne \ », Now 4 | 


Dee, 1954, py ay | 


Internal temperatures for typical Australian 


houses in winter have been ealeulated alter 


nately for conerete floors laid on the ground 
ind in a standard timber floor over a well 
ventilated crawl space It is shown that 
ilthough the thermal comfort of the two 


types of houses does not differ greatly, the 
comlort of the house with the conerete floor 
is slightly greater in all capital cities of 


The 


Witter 


Australia 


difference is comparatively 


and is significant mainh 
How 


ever, the summer conditions are also improved 


during the late evening and morning 


by the conerete floor and it seems that for 
ear round thermal performance, the insu 
lated frame, conerete floor house is the best 
chores 


Shrinkage of hydraulic masses, its measuring 
and its effects (Vom Schwinden zementgebun- 
dener 


Massen, seiner Messung und seinen 
Auswirkungen) 
A. Hownmen, Zement-Kalk-Gip Wiesbaden), V. 7 
No. 8 A 1954, pp. 203-302 
Reviewed by H. H. Wennes 
Author reviews the relationship existing 


between shrinkage of conerete and structure 


ol pores momture content mm 


drying speed 


ir, mixing ratio, cement type, and size ot 


sample explains the necessity of studying 


ipart trom the reactions produced in hardened 


conerete tual shrinkage the volume 


alterations in conerete which have not vet 


undergone the contraction 


andl the 


setting 


process 
effects of an interrupted contraction 


us well as ol 


an interrupted shrinkage 
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Shrinkage phenomena depend chiefly upor 


the sariple size and the storage climate 
ind measurements taken at random are ol 
little significance for the reactions occurring 


In conerete In practices Judging concrete 
should be based on time-shrinkage curves 
ind «a standard climate should be chosen 
for storage conditions to allow a prope! 


dec Isive 
The 


test 


COM parison between the effects of 


influences exerted upon the conerete 


iuthor concludes by suggesting suitable 


methods according to the ibove principles 


is a basis for further discussion 


Refractory concretes (Hormigones refractarios) 


F. ARREDONDO, Informes de la Construccion (Madrid 
7, No. 64, Oct. 1954, Item 684-4, 4 py 
Indicates the use of aluminous cement and 
refractor wyregates to make conerete for 


The prope! 


exposure to high temperatures 


ties ol such coneretes are discussed ind 


mixtures suggested for various temperature 


ranges Of CXposure 


Quality concrete—Effect of mixing, placing 
and compacting procedures 

W I LDDAWSON Conatructiona Ke Sydney 

V. 27, No. 6, Oct. 1954, pp. 29 


High quality conerete is the 


result) ol ou 


series Ob processes Commencing with choice 
of materials ands my proportioning ind 
finishing with adequate curing In em 
phasizing principles of good practice iuithor 


follow Ing subjects 


effect ol 


covers the proportioning 


ind errors in proportioning of 


crushing strength mixing efliciens ol 


mixers, and order and method of adding 


materials transporting placing md com 


pacting: and curing 


Study of the tensile strength of concrete across 
construction joints 

Vagazir Cor Research (Lond 
V. 6, No. 18, Dee. 1954, pp. 151 } 


Discusses the relative merits of various 


types of treatment to am ¢ concrete 


Isting 


surface before fresh concrete is placed against 
it to form a construction jot Results of 
tests of the tensile strength of joints minde 
in Various ways are given, and the show 
that, contrary to modern practice, old con 
crete should be left: dt vhen the new con 
crete is placed iguinest if The ilso show 





that surfaces « i t " methods 
such as wire brushing and sandblasting, are 
slightly superior 

> 

t 
vhich 
concrete 


little effect 


Structural research 


Experimental research on ome flow of cements 
(Recherches experimentales sur le Auage des 
ciments) 


; 0G é Wood forms and wire ties—V. 2—The forming 
954. No. 7 = , , of shells, walls, slabs, and stairs Frenct 


154, Ne 
I I | | 


Studies of deform ition under loud demands 


{ ( rrent 
ge number specimens and as reese 


result) research Whats | tNAl June 1954, 2 


1 iat 


simple <riall . vu ( w lorming 
It consisted of an annul evlinder of { ind beam Vr 
cement Throug the hollow center w Hmilar manner the formu 
steel rod with tightening nuts at the end member Preatment 


Vell illustrated tut 


lnces to place the evlinder in COTPressior 
Variations im length a isil mensured in contort 
Drops in compres pecimen omits mention 
LitOst UnY 


Wood hort 


Variations in length sus tine r stres dimensioned 


quickl IM Corres 1) ensioning thie 


rod in a minehine itt yhitening the 


ie shown graphicall ‘ mig ‘ the importa 
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